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ABSTRACT 
T h i s  i s  t h e  f i n a l  r e p o r t  submit ted  by SAO under c o n t r a c t  
NAS8-35036, " I n v e s t i ~ a t i o n  of Electrodynamio S t a b i l i z a t i o n  and Contro l  
of  Long O r b i t i n g  T e t h e r s , "  and c o v e r s  :he p e r i o d  13 September 1982 
through 12 September 1983, It d e t a i l s  t h e  r e s u l t s  of  r e s e a r c h  
under taken  by SAO on t h r e e  t o p i c s  under t h e  g e n e r a l  a r e a  of  t h e  
dynamics of spaceborne t e t h e r s :  
1 )  SAO reviewed e x i s t i n g  dynamics models and 
so f tware  and made recommendations f o r  
f u t u r e  so f tware  development. 
2 )  SAO developed a compa ta t iona t ly  e f f i c i e n t  
h igh - re so la t  ion  t e t h e r  model and performed 
s t u d i e s  o f  t h e  dynamic behavior  o f  a 
b,foken t e t h e r .  
3 )  SAO s t u d i e d  t h r e e  advanced a p p l i c a t i o n s  of t h e  t e t h e r :  
a )  Damping of l o n g i t u d i n a l  t e t h e r  o s c i l l a t i o n s  by 
means o f  a r e e l  motor c o n t r o l  a l g o r i t h m  and 
use  of t he  t eohn iqae  i n  a payload o r b i t a l  
t r a n s f e r  problem, 
S u c e  -.. S t a t i o n ,  ,. , 
The a u t h o r s  of  t h i s  r e p o r t  a r e  Dr. Giaseppe Colombo, P r i n c i p a l  
I n v e s t i g a t o r ;  Mr. David A. Arnold and D r .  Gordon E. f lu l lahorn ,  
Analys ts ;  and Mr. Richard S. Tay lo r .  Program rlanager. Mr. Arnold was 
a l s o  a Co-Inves t iga tor .  
O r .  Colombo i s  a V i s i t i n g  S c i e n t i s t  a t  SA9 from t h e  U n i v e r s i t y  of  
Padova, I t a l y .  
LIST OP FIGURES 
F i g u r e  3-1. T e t h e r  Dynamics Sof tware  A p p l i c a t i o n s  Matr ix  
F igu re  3-2. T e t h e r  Dynamics Sof tware  Computer Pac i l i t i e s  and 
Languages i n  use .  
F igu re  4-1. A SKYUOOP run  showing t e t h e r  r e c o i l  a f t e r  a  b reak  a t  
200 me te r s  of  a  100-km t e t h e r  o f  0.2-om Kevlar  w i t h  a  300-kg 
s u b s a t e l l i t e .  The f i g u r e  i s  i n  t h e  f a m i l i a r  side-view form. The 
in-plane component i s  forward ( i n  t h e  d i r e o t i o n  o f  S h u t t l e  motion) t o  
t h e  l e f t .  C o n f i g u r a t i c n s  a r e  p l o t t e d  a t  2-second i n t e r v a l s ,  a s  t h e y  
a r e  i n  F i g u r e  4-2 t o  F igu re  4-5. 
F i g u r e  4-2. SLACRZ was used t o  r a n  a  c l o s e  ana log  o f  t h e  c a s e  i n  
P i g u r e  4-1. The t e t h e r  was d i v i d e d  i n t o  fou r  segments. Note t h e  boom 
( s o l i d  l i n e )  deployed s t r a i g h t  up, w i t h  t h e  boom t i p  a s  "mass 5 . "  The 
c u r v a t u r e  i n  some dashed l i n e s  i s  an a r t i f a c t  of t h e  p l o t t i n q  p rocess .  
The v e r t i c a l  s c a l e  i s  n o t  q u i t e  t h e  same a s  F i g u r e  4-1. I n  computing 
t h e  r e o o i l  v e l o c i t y ,  t h e  t e t h e r  mass was s e t  t o  z e r o  ( s e e  t e x t ) .  
F i g u r e  4-3. As i n  F i g u r e  4-2, w i t h  40 t e t h e r  segments. For 
l a r g e  numbers of  segments, t h e  p l o t t i n g  program was modif ied  t o  omit 
p l o t t i n g  t h e  "mass p o i n t s "  o t h e r  t han  t h e  boom t i p  and S h a t t l e .  
F igu re  4-4. I n  p l ane  vs .  r a d i a l  behav io r  of t he  t e t h s r  p l o t t e d  
eve ry  two seconds f o r  a  t o t a l  p e r i o d  of  240 seconds a f t e r  a  b reak  f o r  
t h e  s i t u a t i o n  modelled i n  F i g u r e  4-2 and F igu re  4-3 excep t  t h a t  t e t h e r  
mass i s  i nc luded  i n  computing t h e  i n i t i a l  r e c o i l  v e l o c i t y  and t h e  boom 
i s  deployed 30' forward of  t h e  l o c a l  v e r t i c a l .  The f i r s t  52 seconds 
of  t h e  run  i s  shown above ( a ) ;  t h e  e n t i r e  run i s  shown on t h e  n e x t  
page (b)  . Note t h e  t e t h e r  o s c i l l a t i o n s  induced by t h e  motion o f  t h e  
boom and t h e  o v e r a l l  behavior  s i m i l a r  t o  damped o s c i l l a t i o n s .  
F igu re  4-5. A s e r i e s  of runs  f o r  t h e  same c a s e  a s  i n  F i g u r e  4-4, 
w i t h  lo-, 29-, 30-, 40- and 50-t9ther  segments. A l l  r uns  a r e  f o r  38 
seconds w i t h  ou tpu t  a t  1-second i n t e r v a l s .  Note t h e  q u a l i t a t i v e l y  
d i f f e r e n t  r e s u l t s  ob ta ined  w i t h  10  and 20 segments i n  ( a )  and (b )  from 
t h o s e  w i t h  30,  40 and SO segments i n  ( c )  through ( e l .  
F igu re  4-6. Timing r e s a l t s  f o r  t h e  fou r  runs  shown i n  F i g u r e  
4-5, p l o t t e d  a s  cumula t ive  r e s u l t s  f o r  t h e  f u l l  38 seconds of  each 
run:  ( a )  The r a t i o  of t h e  computat ion (CPU) t ime t o  t h e  p h y s i c a l  t ime 
modelled;  log-log p l o t  vs .  t h e  number o f  segments; and,  ( b )  The 
r a t i o  of t h e  number of  bounces t o  t h e  p h y s i c a l  t ime;  log-log p l o t  v s .  
t h e  number of segments. Also p l o t t e d  i n  ( b )  i s  t h e  CPl1 t ime taken  t o  
compute t h e  average  bounce, which i s  seen  t o  i n c r e a s e  much more s lowly  
w i t h  i n c r e a s i n g  r e s o l u t  ion. 
Figure  4-7. The f i n a l  c o n f i g u r a t i o n s  of t h r e e  s e p a r a t e  runs  a r e  
p l o t t e d  side-by-side.  The p h y s i c a l  s i t u a t i o n  modeled i n  each  run  i s  
t h e  same ( a s  i n  F igu re  4-41, The t e t h e r  i s  d i v i d e d  i n t o  30 segments 
i n  each c a s e .  Each run i s  f o r  60 seconds.  The t h r e e  c a s e s  d i f f e r  
o n l y  i n  t h a t  a f t e r  an  i n i t i a l  p a r t i t i o n  of  t h e  t e t h e r  was oomputed, 
t h e  i n d i v i d u a l  segment l e n g t h s  were va t i e d  by sma l l  random amounts i n  
t h e  range -2% t o  2%. The l e n g t h s  were then  normal ized  t o  g ive  t h e  
same t o t a l  l e n g t h  i n  a l l  oases :  ( a )  shows t h e  c o n f i g n r a t i o n s  a f t e r  40 
seconds;  and ( b )  shows t h e  c o n f i g u r a t i o n s  a f t e r  t h e  f u l l  60 seconds. 
See t h e  remarks i n  t h e  t e x t  f o r  c a u t i o n s  on t h e  i n t e r p r e t a t i o n  of 
d e t a i l  i n  t h e  f i g u r e r .  
F igu re  4-8. P a r t  ( a )  shows t h e  e v o l u t i o n  o f  one of  t h e  c a s e s  
used  i n  F i g u r e  4-7, wh i l e  ( b )  shows a  s i m i l a r  c a s e  i n  whioh t h e  t e t h e r  
was more even ly  segmented r e s u l t i n g  i n  l e s s  r e s o l u t i o n  n e a r  t h e  boom 
t i p .  Note t h e  d i s t i n c t l y  d i f f e r e n t  behav io r  of  t h e  two c a s e s .  I n  
( a ) ,  a  t r a v e l l i n g  wave was gene ra t ed ,  wh i l e  (b )  e x h i b i t e d  no such 
wave. T h i s  same d i s t i n c t i o n  i s  seen  between F i g u r e s  4-S(a) and (b )  
and F i g u r e s  4-5 ( c ) ,  ( d l ,  and ( $ 1 .  The f i n e r  r e s o l u t i o n  r e s u l t s  a r e  
more c o n s i s t e n t  among themselves  and p robab ly  c l o s e r  t -  t h e  r e a l  
behav io r  of t h e  t e t h e r .  
F i g u r e  5-1. Behavior  of  t h e  r o o t s  of  t h e  c h a r a c t e r i s t i c  equa t ion  
f o r  f i x e d  v a l u e s  c f  ?. Note t h a t  we p l o t  t h e  n e g a t i v e  of t h e  r e a l  
p a r t  of each  r o o t  ( g a i z s  of complex r o o t s  a r e  i n d i c a t e d  by a  dashed 
l i n e )  and t h a t  f o r  T, B > 9 a l l  r o o t s  have n e e a t i v e  r e a l  p a r t s  ( i  .e .  
t h e  system i s  s t a b l e ) . -  The q u a n t i t y  of g r e a t e s t  i n t e r e s t  i s  t h e  lower 
l i n e  a t  each  va lue  of 0 .  T h i s  r o o t  governs t h e  ;ol$ion which decays 
l e a s t  r a p i d l y ,  and we want t o  choose parameters_T.-6 t o  op t imize  t h i s  
wors t  s o l u t i o n .  I n  choosing a c t u a l  pa rame te r s  X, 8 we may n o t  ach ieve  
t h e  d e s i r e d  d imens ion le s s  pa rame te r s ,  s o  t h e r e  i s  t h e  a d d i t i o n a l  
c o n s t r a i n t  of  robus tnes s ;  s l i g h t  e r r o r s  i n  t h e  pa rame te r s  should  n o t  
l e a d  t o  l a r g e  d e o r e a s e s  i n  performance.  
F i g u r e  5-2. Tens ion  v s .  t ime f o r  a  r e l e a s e  s tudy (100-ton 
Shut t l o ,  9. 5-ton payload,  0. 5-ton t e l e o p e r a t o r .  and a n  80-km l eng th  of 
0.3-cm Kevlar  t e e h e r )  i n  whioh t h e  t e t h e r  i s  r e e l e d  ou t  f i r s t  t o  
r e l i e v e  t e n s i o n .  The maneuver i s  g iven  by (deployed l e n g t h )  = 80 km + 
A[1-cos(2nt/P)1,  w i t h  ampl i tude  A = -650 me te r s ,  p e r i o d  ? = 209 sec .  
A f t e r  112 p e r i o d ,  t h e  deployed l e n g t h  i s  h e l d  c o n s t a n t .  The payload 
i s  r e l e a s e d  a t  85 seconds.  
F i g u r e  5-3. Tens ion  v s .  t ime f o r  a  r e l e a s e  s tudy  i n  which a l l  
pa rame te r s  a r e  t he  same a s  i n  F i g u r e  5-2 except  t h a t  a t  t = 100 sec 
t h e  s i n u s o i d a l  maneuver i s  t e rmina ted  ( h e l d  c o n s t a n t )  and t  e  a c t i v e  
-1 
4 damping congro l  law-is i n i t i  t e d  (parameters -  = 1 . 8  x 10 dynes;  T 
= 1 . 6  x  10  om-sec dynes ; $ = 0.041 sec  
Figure  5-4. Tens ion  o s c i l l a t i o n s  a f t e r  payload r e l e a s e ,  w i t h  no  
damping. A r e e l - i n l r e e l - o u t  sine-law maneuver was used p r i o r  t o  
r e l e a s e  w i t h  ampl i tude  175  me te r s ,  p e r i o d  114 seconds ,  phase o f f s e t  
-n/2.  The maneuver t e rmina ted  a t  114 seconds and r e l e a s e  was a t  117 
seoonds. We p l o t  o n l y  from t = 105 seoonds. System: 80-km t e t h e r  of  
0.3-cm Kov l r r ;  100-metric-ton S h u t t l e ;  9.5-ton payload;  0.5-ton 
remainin8  t e l e o p e r a t o r .  
Figu re  5-5. Tens ion  o s c i l l a t i o n s  a f t e r  r e l e a s e ,  w i t h  a c t i v e  
damping. The system and p r e - r e l e a s e  maneuver a r e  t h e  same a s  f o r  
P i g u r e  5-4, and t h e  damper s t a r t e d , a t  r e i e a s e ,  t = 117 secondis  
Damppr p a r 5 y e t e r s :  T  = 2.5f x 1 0  x  1 0  dynes ,  I( = 1.6  x 1 0  om 
sea  dyne , B = 0.081 sec  , 
F i g u r e  5-6. The same a s  F i g u r e  5-5, excep t  t h a t  t h e  damper 
parameter  K and B a r e  75% g r e a t e r .  The r e sponse  i s  n o t  s i g n i f i c a n t l y  
a l t e r e d .  
F i g u r e  5-7. The same a s  F i g u r e  5-5,  excep t  t h a t  t h e  damper's 
nominal t e n s i o n  T  i s  63% o f  t h a t  used i n  F i g u r e  5-5. T h i s  f i g u r e  and 
F i g u r e  5-6 above ? l l u s t r a t e  t h e  r o b u r t n e s s  of  t h e  damper a lgo r i t hm;  
i t s  s u c c e s s  does  n o t  depend on choos ing  op t imized  pa rame te r s .  
F igu re  5-8, Tens ion  v a r i a t i o n  w i t h  a  pu re  r ee l -ou t  p r e - r e l e a s e  
maneuver and a c t i v e  damping a f t e r  r e l e a s e .  Note t h a t  t h e  i n i t i a l  
t e n s i o n  i n c r e a s e  i s  avoided .  The system c o n f i g u r a t i o n  i s  a s  i n  F i g u r e  
5-4. The p r e - r e l e a s e  s ine-law maneuver had an ampl i tude  of 406 
m e t e r s ,  a  p e r i o d  of 200 seconds ,  and a  phase o f f s e t  o f  -n/2. Release  
i s  a t  70 seconds,  and t h e  maneuver t e r m i n a t e s  a t  190 seconds ( P - 2 ) .  
Ac t ive  damping beg in  a t  r o l e  s e  w i t h  pa rame te r s  T =-I.R6 x  10 + 
-8 -1 - 1 dynes.  K = 1 .6  x 1 0  cm sec dynes , f3 = 0  . 04 l  sec  . 
F i g u r e  5-9. T e t h e r  deployed l e n g t h  u s  a  f u n c t i o n  of t ime.  
Components due t o  s i n u s o i d  r ee l -ou t  maneuver and a c t i v e  damping 
response  shown s e p a r a t  e l y .  
F i g u r e  5-10. Reel  v e l o c i t y  a s  a  f u n c t i o n  of  t ime.  Components 
due t o  t h e  s i n n s o i d  r ee l -ou t  maneuver and a c t i v e  damping r e sponse  
shown s e p a r a t e l y .  
F i g u r e  5-11. T e t h e r  t e n s i o n  from t h e  i n i t i a l l y  deployed  
c o n f i g u r a t i o n  ( t  a 0 )  through t h e  r e l e a s e  and dampinq ( t  =I4411 u n t i l  
t = 2000 seconds.  The d e t a i l e d  m i s s i o n  p r o f i l e  i s  d e s c r i b e d  i n  t h e  
t e x t .  
F i g u r e  5-12. Por  t h e  c a s e  i n  F i g u r e  5-11, t h e  s ide-view 
( in -p l ane  v s .  r a d i a l  components) of t h e  system i s  p l o t t e d  a t  10-second 
i n t e r v a l s .  Each view i s  a r b i t r a r i l y  d i s p l a c e d  i n  t h e  in-p lane  
d i r e c t i o n  t o  avo id  o v e r l a p ,  t h e  e a r l i e s t  c o n f i g u r a t i o n s  be ing  a t  t h e  
l e f t .  The components a r e  r e l a t i v e  t o  t h e  S h u t t l e ,  and un i fo rmly  
spaced c o n s t a n t  v e c t o r s  have been s u b t r a c t e d  from each  mass ' s  p o s i t i o n  
( e f f e c t i v e l y  " c u t t i n g  out'' a  p o r t i o n  of  t e t h e r )  t o  expand t h e  
r e s o l u t i o n  i n  t h e  r a d i a l  d i r e c t i o n .  
F i g u r e  5-13. The t e t h e r  t e n s i o n  i s  p l o t t e d  n e a r  t h e  t ime of  
r e l e a s e ,  w i t h  an expanded t ime s c a l e .  The p r e - r e l e a s e  maneuver and 
a c t  i v e  damping a r e  more r e a d i l y  seen .  
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Pigure  5-14. A schemat ic  view of  t h e  v a r i o u s  o r b i t s  d i s c u s s e d  i n  
t h e  t e x t .  The h e a v i l y  drawn p o r t i o n s  r e p r e s e n t  a c t u a l  t r a j e c t o ~ i e s .  
Tigars 5-15. A v s .  6 .  1 i s c o m p u t e d  from t h e  e q u a t i o n  
[I-11 [1-(A+8)/21~1-8 f o r  t h e  parameter  8  w i t h  range 0  t o  1. A i s  
t h e  l ca l ed  t e t h e r  l e n ~ t h  (L/R) and 6 i s  t h e  s i m i l a r l y  s c a l e d  
d i f f e r m c e  i n  h e i ~ h t  between t h e  s t a t i o n  o r b i t  and t h e  payload  pa rk ing  
o r b i t .  The r a t i o  o f  t h e  a c t u a l  s o l u t i o n  A t o  t h e  f i r s t - o r d e r  
approximat ion  6 /7  i s  p l o t t e d .  
P i g u r e  5-16. T e t h e r  t e n s i o n  v s .  t ime f o r  a  c a s e  i n  which t h e  
paylcz4  i s  acqu i r ed  w i t h  no  o t h e r  maneuver o r  dr p ing .  The system 
(1000-metric-ton Space S t a t i o n ,  0.5-ton t e l e o p e r a t o r ,  44 km of 0.3-cm 
diameter  Xevlar  t e t h e r )  was i n i t i a l l y  i n  e q u i l i b r i u m  i n  a  500-km 
c i r c u l a r  o r b i t ,  w i th  t h e  t e t h e r  deployed downward. A 9.5-ton payload  
was acqu i r ed  w i t h  z e r o  r e l a t i v e  v e l o c i t y  (payload  d e l i v e r y  o r b i t ,  200 
t o  456 km) a t  t = 10  sec .  Note t h e  o s c i l l a t i o n  w i t h  p e r i o d  about  185 
sec .  
F igu re  5-17. Tens ion  v s .  t ime f o r  a  c a s e  s i m i l a r  t o  F igu re  5-16, 
except  t h a t  t h e  a c t i v e  damping mec anism i s  t u r n e d  on a t  t c q u i s i t i o n  b Damptng parameters :  Tel= 1 .6  1 1 0  dynes. K - 2.66 r 10- cm dynes - i 
sea , B = 0.012 sec  , 
P i g u r e  5-18. Tens ion  v s .  t ime and r a d i a l  v s .  in-plane behav io r  
f o r  t h e  c a s e  shown i n  F igu re  5-17, p l o t t e d  w i t h  an  expanded time s c a l e  
f o r  comparison w i t h  f u t u r e  runs  and w i t h  an a c q u i s i t i o n  t ime of  t = 10 
s e c .  ( a )  Tens ion  v s .  t ime.  (b l  A s e r i e s  of  r a d i a l  v s .  in-plane p l o t s  
o f  t h e  t e t h e r  system. The succ ~ s s i v e  p l o t s  a r e  a t  two-second 
i n t e r v a l s ,  t h e  same a s  t h e  p l o t t e d  p o i n t s  i n  ( a ) ,  and t h e  s t a t i o n  
p o s i t i o n  i s  a r b i t r a r i l y  s h i f t e d  t o  t h e  r i g h t  a t  each  i n t e r v a l  so  t h a t  
t h e  h o r i z o n t a l  a x i s  i s  a l s o ,  e f f e c t i v e l y .  R t ime a x i s  w i t h  t h e  same 
s c a l e  a s  ( 8 ) .  A c o n s t a n t  ( i n  t ime)  v e c t o r  i s  s u b t r a c t e d  from t h e  
p o s i t i o n  of  each mass t o  emphasize t h e  d i sp l acemen t s .  The v e c t o r s  
( o n 9  f o r  each mass) a r e  such t h a t  a t  t  = 0  t h e  spac ing  between masses 
i s  1 / 2  km. 
F i g u r e  5-19. P o s t - a c q u i s i t i o n  t s n s i o n  v a r i a t i o n s  a r e  reduced by 
t u r n i n g  on t h e  a c t i v e  damper a t  t = 0  and de l ay ing  a c q u i s i t i o n  u n t i l  t 
= 9  seconds.  
P i g u r e  5-20. Tens ion  v s .  t ime when t h e  payload i s  not  a c q u i r e d  
u n t i l  20 seconds a f t e r  t h e  damper i s  s t a r t e d  ( a t  t = 5 seconds ) .  The 
t e n s i o n  had a l r e a d y  begun t o  dec rease  when a c q u i s i t i o n  ~ w c u r r e d  and 
r e n t  s l a c k  a t  t = 31 seconds.  (Note t h e  expanded time s c a l e  i n  t h i s  
p l o t .  
F igu re  5-21. P l o t s ,  f o r  t h e  c a s e  i n  F i g u r e  5-18, bu t  w i t h  
a c q u i s i t i o n  occu r r ing  w i t h  a  3 me te r / s ec  r e l a t i v e  v e l o c i t y  i n  t h e  
in-plane d i r e c t i o n  a long t h e  o r b i t .  ( a )  Tens ion  v s .  t ime.  ( b )  Rad ia l  
v s .  in-plane behav io r .  
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F igu re  5-22. As f o r  F igu re  5-21, except  t h a t  t h e  v e l o c i t y  i s  i n  
t h e  out -of -orb i t  p l a n e  d i r e c t i o n .  ( a )  Tens ion  vs .  t ime.  (b )  R a d i a l  
v s .  in-plane behav io r .  ( c )  RaEial  v s .  ont-of-plane behav io r .  
F i g u r e  5-23. As f o r  F igu re  5-21, except  t h a t  t h e  v e l o c i t y  i s  
r a d i a l ,  d i r e c t e d  away from t h e  s t a t i o n  (downward). ( a )  Tens ion  v s .  
t ime,  n o t e  t h e  t e n s i o n  v a r i a t i o n  i s  g r e a t e r  t han  t h e  o t h e r  c a s e s .  (b)  
Radia 1 v s .  in-p lane  behav i o r  . 
Figure  5-24. As f o r  F igu re  5-21, except  t h a t  t h e  v e l o c i t y  i s  
r a d i a l ,  d i r e c t e d  toward t h e  s t a t i o n  (upward).  ( a )  Tens ion  v s .  t ime.  
Note t h a t  t h e  t e t h o r  segment n e a r e s t  t h e  payload goes b r i e f l y  s l a c k .  
T h i s  may be nu a r t i f a c t  of t h e  lumped-mass model. ( b )  R a d i a l  v s .  
in-plane behav io r ,  t h e  dashed l i n e s  i n d i c a t e  s l a c k  t e t h e r  segments. 
F i a u r e  5-25. Co-ordinate r e l a t i o n s h i p  i n  dumbbell c o n f i g u r a t i o n  
used i n  o r b i t a l  pumping s tudy .  
F igu re  5-26. A rough p l anna r  s k e t c h  of  t h e  o r i e n t a t i o n  of 
Mercury's a x i s  of minimum moment of i n e r t i a ,  a t  d i f f e r e n t  p o i n t s  a long 
i t s  o r b i t ,  g iven  t h a t  t h e  r o t a t i o n a l  p e r i o d  i s  two-thirds of  t h e  
o r b i t a l  p e r i o d  and t h a t  t h i s  a x i s  i s  a l i g n e d  wi th  t h e  Sun-planet 
v e c t o r  a t  p e r i h e l i o n .  
F i g u r e  5-27. O r b i t a l  t r a n s f e r  from GEO t o  LEO of a  dambbell OTV. 
I n i t i a l l y ,  t h e  system may synchronize  i n  a  9 : l  resonance  due t o  s p i n  
o r b i t a l  coup l ing  a s  shown. During t h e  decay,  o r  even from t h e  
beginning  i f  t h e  c h a r a c t e r i s t i c s  of t h e  dumbbell and i n i t i a l  
c o n d i t i o n s  a r e  c o r r e c t ,  t h e  dumbbell may low o r d e r  resonances  - 8 . 5 : l .  
8:1,-------1:i. I t  w i l l  f i n a l l y  synchronize  i n  t h e  1:l s p i n  o r b i t a l  
coupl ing  i n  t h e  f i n a l  LEO o r b i t  where t h e  r e t r i e v a l  t o  compact 
conf i g a r a t i o n  w i l l  be performed. 
F igu re  5-23. Vector  r e l a t i o n s h i p s .  
F igure  5-29. S p a c e c r a f t  c o n f i g u r a t i o n s  f o r  ~ r b i t a l  pumping. 
F i g u r e  5-30. E c c e n t t i c i t y  of t h e  center-of-mass o r b i t  v s .  t h e  
o r b i t a l  phase ( t r u e  anomaly/2n).  A c r i t i c a l l y  damped dumbboil 
conf i g u r a t  ion ,  w i th  o s c i l l a t o r y  frequency tuned t o  t h e  o r b i t ,  i s  
al lowed t o  evolve ,  conve r t ing  o r b i t a l  energy  t o  i n t e r n a l  (8 .8 .  
thermal)  energy ,  o i r c n l a r i z i n g  t h e  o r b 4 t .  The numer ica l  s i m u l a t i o n  
was made wi th  SKYHOOK. 
F igu re  5-31(a) .  T e t h e r  l e n g t h  v s .  o r b i t a l  phase f o r  one 
p a r t i c u l a r  o r b i t  of t h e  s tudy  shown i n  F igu re  5-30. ( b )  The 
d e r i v a t i v e  of t h e  curve  shown i n  ( a ) ,  t o g e t h e r  w i t h  t h e  g r a v i t y  
g r a d i e n t  f o r c i n g  f u n c t i o n .  These a r e  n e a r l y  i n  phase and t h e i r  
product  ( t h e  work done by t h e  o r b i t  on t h e  dumbbell) i s  n e a r l y  
maximal. ( c )  A p l o t  s i m i l a r  t o  ( b )  f o r  a  ca se  w i t h  z e r o  time l a g  i n  
t e t h e r  response .  The work i s  shown a s  w e l l ,  and obv ious ly  i n t e g r a t e s  
t o  z e r o  ove r  an  o r b i t .  
The work c a r r i e d  out  under  t h i s  c o n t r a c t  covered  a  d i v e r s e  qroap  
o f  t o p i c s  under  t h e  g e n e r a l  heading  of  t h e  s t u d y  of  t h e  dynamics of  
spaceborne t e t h e r s .  SAO has  been working i n  t h i s  a r e a  f o r  a lmost  t e n  
y e a r s  ande r  i n t e r n a l  and NASA sponso r sh ip .  T h i s  e f f o r t  was d i r e c t e d  
a  t i d e n t i f y i n g  t h e  s t a t e -o f - the -a r t  i n  t e t h e r  model l i n g  among 
p a r t i o i p a n t s  i n  t h e  T e t h e r e d  S a t e l l i t e  System (TSS) Program, ex t end ing  
t h e  s t a t e -o f - the . . a r t  t o  model t h e  s l a c k  t e t h e r  and s t u d y  i t s  behav io r ,  
and s tudy ing  c e r t a i n  advanced a p p l i c a t i o n s  of  t h e  t e t h e r  t o  problems 
i n  o r b i t a l  mechanics .  
T h i s  r e p o r t  was assembled p r i m a r i l y  from t h e  monthly r e p o r t s  
submi t t ed  ande r  t h i s  c o n t r a c t ,  a l t h o u g h  much new m a t e r i a l  i s  i nc luded ,  
p a r t i c u l a r l y  i n  t h e  s e c t i o n s  on h i g h - r e s o l u t i o n  model l ing  o f  t h e  
t e t h e r  and advanced a p p l i c a t i o n s .  S e c t i o n  2.0 srrmmarizes t h e  r e s u l t s  
of  t h i s  s tudy .  
S e c t i o n  3.0 encompasses t h e  review of  t h e  f e a t u r e s  and 
a p p l i c a t i o n s  of t h e  TSS so f tware  s e t .  Sof tware  s t a t u s  i s  a s  r e p a r t e d  
t o  SAO i n  March 1983. 
The dynamics o f  t h e  t e t h e r  i t s e l f  ha s  t r a d i t i o u a l l y  been s t u d i e d  
by model l ing  t h e  t e t h e r  a s  a  s e r i e s  o f  i n t e r a c t i n g  lumped masses 
oonnected by s p r i n g s  and dampers. The r e s u l t i n g  e q u a t i e n s  of  motion 
a r c  i n t e ~ r a t e d  u s i n g  s t a n d a r d  s o f t w a r e  r o u t i n e s  such L; t h e  Gear 
i n t e g r a t o r  used i n  SC11100K. T h i s  approach ,  a l t hough  ma thema t i ca l ly  
r i g o r o u r .  i s  c o m p u t a t i o n r l l y  slow and o f  r e l a t i v e l y  l i m i t e d  
r o s o l o t i o a ,  t y p i c a l l y  10-20 mars p o i n t s .  S e c t i o n  4.0 d e s c r i b e s  t h e  
~ u c c e s s f u l  SAO e f f o r t  t o  move beyond t h e s e  l i m i t a t i o n s  by model l ing  
t h e  s l a c k  t e t h e r  a n a l y t i c a l l y  w i t h  a s  many a s  50 mass p o i n t s  and t h e  
a p p l i c a t i o n  o f  t h i s  new model t o  a  s tudy  of  t h e  behav io r  o f  a  b r r b e n  
t e t h e r  n e a r  t h e  S h u t t l e .  
Long i tud ina l  o s c i l l a t i o n s  can  occur  i n  t h e  t e t h e r  from a  v a r i e t y  
of causes ,  i nc lud ing  c o n t r o l  r e e l  maneuvers and t h r u s t e r  o : ~ r a t i o n s .  
P rope r  use of t h e  c o n t r o l  r e e l  can  damp t h e s e  o s c i l l a t i o n s  e f f i c i e n t l y  
wi thout  addin6  a d d i t i o n a l  hardware t o  t h e  system. S e c t i o n  5 . 1  
d e s c r i b e s  such a  r e e l  c o n t r o l  a l g o r i t h m  developed by SAO and g i v e r  
examples of  i t s  u se ,  i nc lud ing  an example ( i n  S e c t i o n  5 .2 )  which a l s o  
demonst ra tes  t he  use of t b e  t e t h e r  i n  t r a n s f e r r i n g  a  heavy pay1or.d 
from a  low-orbit ing S h u t t l e  t o  a  h i g h  c i r c u l a r  o r b i t .  
Ca2Cure of  a  l o r - o r b i t i n g  payload by a Space S t a t i o n  i n  high 
c i r c u l a r  o r b i t  i s  desc r ibed  i n  Sec* ion  5.3.  
F i n a l l y ,  we show t h a t  i n  some c a s e s  i t  i s  p o v s i b l e  saemingly t o  
" p u l l  o n e s e l f  up by o n e ' s  own b o o t s t r a p s . "  S e c t i o n  5.4 shows how 
energy t r a n s f e r s  w i t h i n  a  "dr  *' be l l " - type  s p a c e c r a f t  by c y c l i c a l  
r e e l i n g  o p e r a t i o n s  o r  g r a v i t a t i o n a l  a f f e c t s  on t h e  n a t u r a l  e l a s t i c i t y  
of  t h e  connect ing  t e t h e r  can c i r c u l a r i z e  t h e  o r b i t  of t h e  s p a c e c r a f t .  
2.0  SUMMARY mNCtUSION AND RESULTS 
One-page s ~ m a r i e s  of  conc lus ions  and r e r u l t s  a r e  p re sen ted  in  
t h i s  s e c t i o n  f o r  each  s tudy  t o p i c  covered  by t h i s  r e p o r t .  
Review ef T e t h e r  Dvnamics Sof tware  
19 d i f f e r e n t  t e t h e r  models a r e  i n  use ;  7 u s ing  a n g l e  var iab :es  
12 us ing  a  f i n i t e  element  approach.  
L i t t l e  commonality of hardware and so f tware  was found among t h e  
models a l though  modell ing approaches  a r e  o f t e n  s i m i l a r .  
Angle v a r i a b l e  models a r e  used f o r  long term s t u d i e s ,  such a s  
c o n t r o l  law development; f i n i t e  element models add res s  t h e  dynamics 
o f  t h e  t e t h e r  i t s e l f .  
Only TFIYER REEL (MMC),  "Tethered  S a t e l l i t e N  (CDC), and SRYROOK 
(SAO) model, t h e  dynamic behav io r  of t h e  e n t i r e  
S u b s a t e l  l i t ~ / T e t h e r / S h u t  l e  System. 
Only SKYHOOK models t h e  dynamic behav io r  c t  e n t i r e  t e t h e r  system, 
inc lud inp  i t s  e lec t rodynamic  and thermal  behav io r .  
Improvements i n  so f tware  computa t ional  e f f i c i e n c y ,  p a r t i c u l a r l y  
i n  modell ing the  s l a c k  t e t h e r ,  w i l l  be necessa ry  t o  meet a n t i c i p a t e d  
r ea l - t ime  s imula t ion  and s a f e t y  s tudy r equ i r emen t s .  
New so f tware  should be developed w i t h  t r a n s f e r r b i l i t y  i n  mind, 
a l t hough  t h e r e  i s  no compell ing reason a l l  so f tware  need be 
t r a a s f e r a b l e .  
Hi-Resolut ion Stodp T e t h e r  Behavior  Year O r b i t e r  
An s f f i o i e n t  two-dimensional a n a l y t i c  model of t h e  s t a c k  t e t h e r  
c a l l e d  "SLACrt2" was developed under t h i s  c o n t r a c t  w i t h  50+ mass p o i n t  
r e s o l o t  ion.  
SLACK2 i nc ludes  a  r e a l i s t i c  deployment boom model and t h e  major  
e x t e r n a l  f o r c e s ,  t h e  g r a v i t y  g r a d i e n t  f o r c e ,  a i r  d r a g ,  and t h e  
C o r i o l i s  f o r c e .  It r u n s  abogt  100 t imes  f a s t e r  t h r n  SSYHOOS under 
s i m i l a r  c o n d i t i o n s .  
The t e t h e r  break  s t u d y  y i e l d e d  r e s u l t s  s i m i l a r  t o  SKYMOOS runs ,  
bu t  t h e  h i g h e r  (2-3m) r e s o l u t i o n  provided  new i n s i g h t  i n t o  *he  
behav io r  of a broken t e t h e r .  
Deployment boos  o s c i l l a t i o n s  add energy  and o s c i l l a t i o n s  t o  
t e t h e r  motion a f t e r  break .  
2.3 Study of Advanced of the Tether 
2.3.1 Algorithm for Damping Tether Longitudinal Oscillations 
Operation depends only upon measurement of tether tension and 
deployed length. 
"Damper" fully controls tension oscillations within a few cycles 
after release of a heavy payload using reel-in/reel-out deployment 
maneuver. 
Algorithm is "robust" with regard to parameter sensitivity. 
Algorithm allows deployment of payload using a pure reel-out 
maneuver which limits tether tension to pre-release value. 
Page 1 4  
2.3 S t o d ~  of u w  of  t h e  T e t h e r  
2.3.2 Payload T r a n s f e r  t o  C i r c u l a r  O r b i t  
A 9.5-ton payload  was deployed from a  100 t o n  S h u t t l e  u s ing  a  
61-tm t e t h e r  of  3-mm Revla r  and t h e  r ee l -ou t  maneuver and a lgo r i thm 
desc r ibed  i n  S e c t i o n  5.1. 
I n i t i a l  O r b i t  
Pe r igee :  1 9 9 b  
Apogee: 519 km 
E c c e n t r i c i t y :  0.0237 
F i n a l  Payload O r b i t  
A l t i t u d e :  575 ha 
E c c e n t r i c i t y :  0.00017 
F i n a l  S h a t t l e  O r b i t  
P e r i g e e :  165 km 
Apogee: 514 km 
T e t h e r  t e n s i o n  was always l e s s  t han  s t a b l e  deployment t e n s i o n  and 
neve r  ze ro .  
2.3 Stadv of Adaanosd Uses the Tether 
2.3.3 Payload Acquirition by a Tether Deployed from a S p ~ c e  
Stat ion 
A 9.5-ton payload was acquired by r 100-ton Space Station using a 
44-km length of 3-mm Kevlar and the damping algorithm of Section 5.1. 
Initial Space Station Orbit 
Aititude: 500 km Circular 
Initial Payload Orbit 
Perigee: 220 km 
Apogee: 456 km 
Acquisition is stable and relatively insensitive to velocity 
mismatch between payload and tethered teleoperator. 
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2.3 S&t& ef Advaooed of a T e t h e r  
2.3.4 O r b i t a l  Pumping 
Dumbbell-type t e t h e r e d  s p a c e c r a f t  p laoed  i n  e l l i p t i c a l  o r b i t s  
r i l l  s e l f - o i r c u l a r i z e  t h e  o r b i t  due t o  t i d a l  f o r c e s  a c t i n g  on t h e  
s p a c e c r a f t  and o r  due t o  d e l i b e r a t e  r e e l i n g  o p e r a t i o n s  on t h e  t e t h e r .  
App l i ca t ions  of  t h i s  pumping t echn ique  i n c l u d e  
s e l f  - 0 i r c u 1 a r i z a t i o n  of  an OW o r b i t  a t  low a l t  i t u d e  and g e o s t a t i o n a r y  
c a p t u r e  of a  s a t e l l i t e  from a  h i g h - e c c e n t r i c i t y  o r b i t .  
Enerdy may a c t u a l l y  be recovered  a s  e l e c t r i c a l  power i n  
t r a n s f e r r i n g  a  s p a c e o r a f t  from LEO t o  GE0 us ing  t i d e s  developed i n  t h e  
dpacec ra f t  system by t h e  E a r t h ' s  g r a v i t y  g r a d i e n t .  
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3 "0 REVIEW OF TETHER DYNAMICS SOITWARE 
Ll Method soft war^ Review 
SAO s o l i c i t e d  d a t a  from Te the red  S a t e l l i t e  System (TSS) program 
p a r t i c i p a n t s  on t h e i r  t e t h e r  dynamics models, programming languages ,  
oomputcts,  d i s p l a y s ,  and non-standard suppor t  so f tware  requi rements .  
Responses were r ece ived  from a l l  program p a r t i c i p a n t s :  A e r i t a l i a  
(AIT) , Tor ino ,  I t a l y ;  Con t ro l  Dynamics Company (CDC) , H u n t s v i l l e ,  AL; 
Johnson Space Center  (JSC) ,Houston, TX; Mart i n  M a r i e t t a  Corpora t ion  
(MMC) , Denver, CO; Marchall  Space F l i g h t  Cen te r  (MSFC) , H u n t s v i l l e ,  
AL; U n i v e r s i t y  of  Padova, Padova, I t a l y ;  and Smithsonian  
As t rophys i ca l  Observa tory  (SAO) , Cambridge. MA. These were reviewed 
by SAO and t h e  r e s u l t s  of t h e  review and summarized i n  an  a p p l i c a t i o n s  
m a t r i x  and i n  t h e  t e x t  below. We a l s o  comment on t h e  i s s u e  of  
so f tware  c o m p a t i b i l i t y ,  o u t l i n e  p o t e n t i a l  t e t h e r  dynamics s t u d y  
t o p i o s ,  and make recommendat i o n s  f o r  so f tware  development. 
Sommar~ D e s c r i ~ t i o n s  of T e t h e r  Dpnanics Sof tware  
Appendix I c o n t a i n s  t h e  aompleted q u e s t i o n n a i r e s  a s  r ece ived  by 
SAO and a aomplete l i s t  of t h e  respondees .  Here t h e  f e a t u r e s  o f  each  
of  t h e  models i s  summarized from d a t a  provided  on t h e  q u e s t i o n n a i r e s .  
3.2 .1  A e r i t a l i a  T e t h e r  Dynamics Sof tware  
A e r i t r l i a  runs  t h r e e  t e t h e r  dynamics programs: ASSElTO, POSI, 
and BALLAST. A l l  model t he  three-d imensional  behav io r  of t h e  t e t h e r ;  
ASSElTO adds t h e  t h r e e  E u l e r  a n g l e s  o f  t h e  s o b s a t e l l i t e .  A l l  assume 
t h a t  t h e  S h u t t l e  h a s  i n f i n i t e  mass and t h a t  t h e  t e t h e r  i s  s t r a i g h t  and 
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i n e l a r t i c  wi th  d i s t r i b u t e d  maso. Atmospherio drag i s  modelled, 
S h u t t l e  out-of-plane delta-V can be a p p l i e d ,  and a r b i t r a r y  o o n t r o l  
laws can be used. O r b i t s  can be o i r o o l a r  o r  low e o c e n t r i c .  T e t h e r  
and r u b s a t e l l i t e  mass v a r i a t i o n e  can be acoommodated. 
POSI models the  r u b s a t e l l i t e  and S h u t t l e  a s  p o i n t  masses and 
includes  a  rnovrhle boom. The t h r e e  second-order d i f f e r e n t i a l  
equa t ions  i n  t h e  model a r e  numerioal ly  i n t e g r a t e d  by a  f o u r t h  o rde r  
Runge-Kutta i n t e g r a t o r  wi th  v a r i a b l e  s t e p  s i z e  o r  by a  
p r e d i c t o r / c o r r e c t o r  i n t e g r a t o r .  I n  t h e  case  of r a t e  t e t b e r  c o n t r o l  
laws, t h e  equa t ions  r e l a t e d  t o  t e t h e r  speed and a c c e l e r a t i o n  a r e  
removed and the remaining equat ions  a r e  i n t e g r a t e d .  A l l  e f f e c t s  
r e l a t e d  t o  t h e  e l a s t i c i t y  and f l e x i b i l i t y  of t h e  t e t h e r  a r e  neg lec ted  
and the  S h u t t l e  o r b i t  i s  unperturbed i n  t h e  a n a l y s i s .  
A S S m  adds t o  POSI t h e  t h r e e  E u l e r  ang les  of the  s u b s a t e l l i t e  
t o  model i t s  r i g i d  body r o t a t i o n .  It a l s o  inc ludes  the  d iagonal  
i n e r t i a l  t ensor  of t h e  r u b r a t e l l i t e  and can handle misal igned 
r o b s a t e l l i t e  t h r u s t e r s .  The r u b r a t e l l i t e  a t t i t u d e  does n o t  a f f e c t  the  
p o s i t i o n  of the  t e t h e r ,  r n  accep tab le  assumpt ion f o r  s u b s a t e l l i t e  
d iameters  small  i a  r e l a t i o n  t o  t h e  l eng th  of the  t e t h e r .  
BALLAST i s  a  double peadalum model ( equ iva len t  t o  a  three-mass 
model) whioh al lows four  d i f f e r e n t  phys ica l  systems t o  be s imulated:  
doable t e t h e r s  ( s a t e l l i t e  deployed from t h e  s u b s a t e l l i t e ) .  two-section 
t e t h e r s ,  a  r u b s a t e l l i t e  wi th  v a r i a b l e  a t t i t u d e ,  and a  
t e t h e r / r u b s a t e l l i t e  system with  a  moveable boom. Two d i f f e r e n t  
mathematical models a r e  used. The f i r s t  a l lows c o n t r o l  of the  primary 
t e t h e r ;  the  second, c o n t r o l  of t h e  secondary t e t h e r .  The rystems a r e  
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f i r s t  so lved  w i t h  r e s p e c t  t o  t h e  second d e r i v a t i v e s  t h e n  numer i ca l ly  
i n t e g r a t e d .  I n s t a n t a n e o u s  c o n t r o l  of  on ly  one t e t h e r  a t  a  t ime i s  
p o s s i b l e .  T ransve r se  and l o n g i t u d i n a l  wave p ropaga t ion  e f f e c t s  were 
n e g l e c t e d .  
3.2.2 Computer Dynamics Company (CDC) T e t h e r  Dynamics Sof tware  
CDC u s e s  a  modal r e p r e s e n t a t i o n  of t h e  w i r e  and models t h e  
S h u t t l e  and s u b s a t e l l i t e  a s  p o i n t  end masses. The d i s t u r b a n c e s  
modelled inc lude :  1) G r a v i t y  terms us ing  a  non-spher ica l  e a r t h  model 
and th i rd-body p e r t u r b a t i o n s ;  2)  Aerodynamic terms us ing  v a r i o u s  
o p t i o n a l  d e n s i t y  models, i nc lud ing  t h e  J a c c h i a  model; 3 )  S o l a r  
r a d i a t i o n  p r e s s u r e ;  4 ) T e t h e r  bending s t i f f n e s s ;  and 5 )  T h r u s t  
maneuvers by e i t h e r  end body. The dylxmics s f  t h e  t e t h e r  i s  modelled 
by p - r t i r l  d i f f e r e n t i a l  e q a a t i o n s  which a r e  so lved  by conve r s ion  t o  
f i n i t e  d i f f e r e n c e  e q a a t i o n s  w i t h  a  s e l e c t a b l e  number of nodes.  The 
e q a a t i o n s  a r e  i n t e g r a t e d  us ing  a  7 ( 8 )  Runge-Kutta-pelberg 
v a r i a b l e - s t e p  s i z e  scheme. R ig id  body motion of  t h e  S h u t t l e  and /o r  
t h e  s u b s a t e l l i t e  a r e  no t  c u r r e n t l y  inc luded .  Only open loop t h r n s t  
maneuvers a r e  a l l o a e d .  No deployment boom o r  mechanism i s  modelled a t  
p r e s e n t .  Modif i c a t i o n s  t o  c o r r e c t  t h e s e  d e f i c i e n c i e s  a r e  expected  t o  
be complete by t h e  end o f  May 1983. 
3 .2 .3  Johnson Space Center  Computer Dynamics Sof tware  
PMG (Plasma Motor-Generator) models t h e  t e t h e r  a s  a  con t inuous  
c a b l e  w i t h  mass and i n t e r n a l  moments of i n e r t i a .  The D l  (PMG-Dl) 
v e r s i o n  c u r r e n t l y  i n  use  i s  a  p r e l i m i n a r y  v e r s i o n .  Two-dimensional 
dynamics a r e  provided  us ing  a  c o n s t a n t  ( spec  i f  i e d )  l e n g t h  t e t h e r  
ope ra t in ;  under v a r i a b l e  I X 0 f o r c e s  w i t h  c o n s t a n t  ( s p e c i f i e d )  v a l u e s  
f o r  t h e  m a l n e t i c  f i e l d ,  g r a v i t y ,  and an  a r b i t r a r y  n e t  f o r o e  v e c t o r  
which i s  t h e  v e c t o r  sum of any o t h e r  f o r c e  terms such a s  a tmospher ic  
d rag ,  r a d i a t i o n  p r e s s u r e ,  and induced e l e c t r i c  f o r c e s .  S p e c i f i e d  
te rms may be v a r i e d  from an e x t e r n a l  program t o  match an assumed o r  
c a l c u l a t e d  r e f e r e n c e  o r b i t ,  t o  i nc lude  unique c o n d i t i o n s ,  o r  t o  
i nc lude  ch rus t  o r  d rag  c u r r e n t  i n p u t s .  The dynamic model i s  developed 
f o r  a p p l i c a t i o n  on a  hybr id  ( d i g i t a l / a n a l o g )  computer system. The 
c n r r e n t  ( i n t e r i m )  v e r s i o n  i s  d i s c r e t i z e d  f o r  a  f i n i t e  element  s o l u t i o n  
on a  d i g i t a l  system us ing  a  backward E u l e r  i n t e g r a t i o n  package by 
Hindmarsh. T h i s  v e r s i o n  i s  cumbersome f o r  changes t o  t h e  input  v a l u e s  
and i s  r e s t r i c t e d  t o  c o n s t a n t  l e n g t h  and in-plane (2D) dynamics. 
3.2.4 Mart in M a r i e t t a  Corpora t ion  T e t h e r  Dynamics Sof tware  
Mart in M a r i e t t a  runs  t h r e e  t e t h e r  dynamics programs: TSSONE, 
T m R ,  and REEL. 
TSSONE models t h e  s u b s a t e l l i t e  a s  a  p o i n t  mass connected  t o  t h e  
S h u t t l e  by a  s t r a i g h t ,  i n e x t e n s i o n a b l e  t e t h e r .  The S h u t t l e  and 
deployment boom a r e  cons ide red  a s  p o i n t  masses c o n s t r a i n e d  t o  t h e  
d e f i n e d  o r b i t  p l ane .  Numerical i n t e g r a t i o n  i s  used  w i t h  p r e s c r i b e d  
i n i t i a l  c o n d i t i o n s  t o  develop  t ime h i s t o r i e s  of  motion of  t h o  
r u b r a t e l l i t e  and o t h e r  d a t a .  The model i n c l u d e s  a tmospher ic  drag  
e f f e c t s ,  g r a v i t y  g r a d i e n t  t o r q u e s ,  and may inc lude  i n - l i n e ,  in-p lane ,  
and out-of-plane t h r u s t e r  e f f e c t s .  Numerical i n t e g r a t i o n  i s  v i a  t h e  
Run.ge t echn ique .  The Gauss q u a d r a t u r e  approach i s  used t o  e s t a b l i s h  
a  tmospheric  d rag  e f f e c t s .  
TETHR models t h e  three-d imensional  motion of t h e  system us ing  a  
lumped mass model ("bead" model i n  MMC t e r m s ) .  The co-ordina te  system 
r o t a t e s  w i t h  t h e  o r b i t .  I n t e g r a t i o n  i s  by a  r e l a x a t i o n  method i n  
which mass p o i n t  p o s i t  i o n s  a r e  propagated  independen t ly  r e l a t i v e  t o  
t he  cen te r -o f -g rav i ty  of t h e  S h u t t l e - T e t h e r - S u b s a t e l l i t e  system i n  
s h o r t  t ime s t e p s ;  t hey  a r e  no t  s imu l t aneous ly  i n t e g r a t e d .  This  
approach r e l i e s  on damping w i t h i n  t h e  t e t h e r  t o  ach ieve  s t a b i l i t y .  I f  
t h e  damping i s  t o o  low, t h e  i n t e g r a t i o n  "blows up." I n  exchange f o r  
t he  damping requi rement ,  r e l a t i v e l y  f a s t  i n t e g r a t i o n  t imes  a r e  
achieved.  I n h e r e n t  i n  t h e  r e l a x a t i o n  method i s  t h a t  i t  works b e t t e r  
w i th  a  more e l a s t i c  t e t h e r ,  worse w i t h  a  s t i f f  t e t h e r .  The 
i n t e g r a t i o n  t ime s t e p  must be decreased  a s  a s  s t i f f n e s s  i n c r e a s e s .  
For t y p i c a l  v a l u e s  of s t i f f n e s r ,  a  f a i r l y  l a r g o  (on t h e  o r d e r  of  
seconds)  time s t e p  may be used. Typ ica l  run t imes  w i t h  s i x  mass 
p o i n t s  on t h e  CDC Cyber 750 computer were 100 t imes  f a s t e r  t han  r e a l  
time. TFIBR u s e s  r s p h e r i c a l  g r a v i t y  model a l t h o u g h  a  non-spher ica l  
model cou ld  be  e a s i l y  added. It  i n c l u d e s  an e l a s t i c  t e t h e r  
r e p r e s e n t a t i o n  w i t h  h y s t e r e s i s  d a t a  d e r i v e d  from t e t h e r  t e s t  d a t a .  
Air d rag ,  i nc lud ing  angle-of-at taok ,  can  be model l ed .  It hand le s  
t e t h e r  "breaks" bu t  no t  r o t a t i o n  of t h e  end masses. 
REEL i s  a  devolopment of TETHR. I n  a d d i t i o n  t o  t h e  f e a t u r e s  of 
TETHR, t h i s  model s i m u l a t e s  t e t h e r  r e e l - i n  and ree l -out  and a l lows  
inpu t  o f  a  c o n t r o l  law t o  r e g u l a t e  t h e  r e e l i n g  p r o c e s s .  T h i s  program 
was no t  f u l l y  v e r i f i e d  a t  t h e  t ime of w r i t i n g  a l though  
r e e l - i n / r e e l - o u t  had been s o c c e t s f u l l y  achieved.  For 
r e e l - i n / r e e l - o u t ,  t h e  mass po i i t t s  a t e  " r e s t rung"  a t  a p p r o p r i a t e  
i n t e r v a l s  t o  ma in ta in  accuracy .  Re - s t r ing in8  and t e t h e r  o u t  a r e  
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mutual ly  e x o l u s i v e  i n  a  g iven  run .  
3 .2 .5  Marshal l  Space F l i g h t  Center  T e t h e r  Dynamics Sof tware  
h r s h r l l  Space F l i g h t  Center  p r e s e n t l y  runs  f o u r  t e t h o r  dynamics 
programs: T m E R .  TmER-PD, SmHOOK (Formation F l y i n g ) ,  and S1(YHOOK 
( T e t h e r  C o n f i g u r a t i o n s ) .  The two SKYHOOK programs a r e  d e r i v a t i v e s  of 
t h e  SAO SgPHOOK program d i s c u s s e d  f u r t h e r  on i n  t h i s  s e c t i o n  of t h e  
r e p o r t .  
TeTIIER s i m u l a t e s  t h e  system w i t h  t h e  s a t e l l i t e  cons ide red  a s  a  
p o i n t  mass connected  t o  t h e  S h u t t l e  by a  t e t h e r  which h a s  mass and 
r h i c h  i s  e x t e n s i b l e .  D i s tu rbances  modelled inc lude  t h e  s p h e r i c a l  
g r a v i t a t i o n a l  f i e l d ,  aerodynamic drag  w i t h  an e x p o n e n t i a l  r o t a t i n g  
atmosphere,  and l o n g i t u d i n a l  v i b r a t i o n  of  t h e  t e t h e r .  Numerical 
i n t e g r a t i o n  of t h e  d i f f e r e n t i a l  e q u a t i o n s  i s  by a  fou r th -o rde r  f i x e d  
s t e p  s i z e  Runge-4utta i n t e g r a t o r .  The c u r r e n t  v e r s i o n  does n o t  
inolude  model l ing  of  a  deployment boom n o r  s a t e l l i t e  t h r u s t e r s .  
Changes t o  i n c o r p o r a t e  t h e s e  f e a t u r e s  a r e  expected  i n  t h e  n e a r  f u t u r e .  
TETBeR-PD i s  r two-mass-point model r h i c h  s i m u l a t e s  s u b s a t e l l i t e  
t r a j e c t o r i e s  i n  t h r e e  dimension$.  It assumes a  c i r c u l a r  o r b i t  and 
i n c o r p o r a t e s  a  deployment boom o r i e n t e d  a long  t h e  l o c a l  v e r t { c a l .  The 
t e t h e r  i s  modelled a s  a  mass l e s s  inelastic w i r e ;  no end mass r o t a t i o n  
no r  r tmospher ic  d r a a  i s  inc luded i n  t h e  s imu la t ion .  R e t r i e v a l  of t h e  
s u b s a t e l l i t e  i s  modelled by a  o o n t r o l  law which i n c l u d e s  a  t e t h e r  
r e t r i e v a l  r a t e  l i m i t ,  t e t h e r  a n g l e  and a n g l e  r a t e  t h r u s t e r  c o n t r o l  
law, and which h a s  t h e  t e n s i o n  c o n t r o l  g a i n  a d j u s t e d  f o r  s h o r t  
t e t h e r s .  I n t e g r a t i o n  of  t h e  e q u a t i o n s  o f  motion i s  by a  f i x e d  s t e p  
s i z e  t r a p e z o i d a l  i n t e g r a t o r .  MSFC d e s c r i b e s  t h i s  program a s  a  f a s t ,  
simple s imula to r  of s a t e l l i t e  t r a j e c t o r i e s  which i s  t h e  work horse  f o r  
studying c o n t r o l  laws , s a t e l l i t e  impulsd requirements ,  and g r o s s  
system o h a r a c t e r i s t i c s .  
SKPMOOU (Formation F ly ing)  u s e r  t h e  same euvironmental  model a s  
SAO SKYHOOK which i s  desc r ibed  below. The t e t h e r  model was changed t o  
permit  i n d i v i d u a l  mass element8 ( s u b s a t e l l i t e s )  t o  be i n  s e p a r s t e  
o r b i t s  wi th  s t a t e  v e c t o r s  r e fe renced  t o  a  main s p a c e c r a f t  ( i . e . ,  a  
Space S t a t i o n ) .  Addi t ional  program changes were made t o  a l low t h e  
program t o  run on a  UNIYAC computer. 
SKYHOOK ( C o n s t e l l a t i o n )  i s  t h e  same a s  SAO SKYMOOS wi th  minor 
changes t o  update t e t h e r  system c o n f i g u r a t i o n  and c o n t r o l  laws. I t  
t o o  has  been adapted t o  run on a  UNIVAC machine. 
3.2.6 Unive r s i ty  of  Padova ( I t a l y )  T e t h e r  Dynamics Software 
The Unive r s i ty  of Padova runs  t h e  o r i g i n a l  v e r s i o n  of SAO SKYHOOK 
modified t o  provide  p o l a r  coord ina te  ou tpu t  a3d t o  rocep t  S h u t t l e  
o r b i t a l  element v a r i a t i o n s .  It does no t  inc lude  t h e  SAO 
elec t rodynamics  package. 
3.2.7 Smithsonian As t rophys ica l  Observatory  Te the r  
Dynamics Software 
SAO runs  a  v a r i e t y  of genera l  purpose and s p e c i a l i z e d  t e t h e r  
d,~namics models. i n t e g r a t o r s ,  da ta  p rooessor s ,  and d i s p l a y  programs. 
SKYHOOK models the  t e t h e r  a s  an  N-mass p o i a t  system where N i s  a t  
most twenty i n  the  p resen t  sof tware .  A t e n  mass p o i n t  model runs i n  
approximately r e a l  time. Each maas po in t  bss  t h e  p h y s i c a l  
o h a t a c t o r i s t i o r  of  a  f i n i t e  i e n g t h  t e t h e r  segment and mar8 p o i n t  
i n t e r a c t i o n 8  a r e  determined by  a  s e t  of coupled d i f f e r e n t i a l  e q u a t i o n s  
whioh a r e  oumer ioa l ly  i n t e g r a t e d  t o  de termine  t h e  behav io r  of t h e  
system. There  a r e  no r e s t r i o t i o n s  on mechanica l ,  t he rma l ,  e l e c t r i c a l ,  
o r  bulk  c h a r a c t e r i s t i o r  o f  any t e t h e r  segment n o t  a r e  t h e r e  any  
r e r t r i c t i o n s  on t h e  i n i t i a l  c o n d i t i o n s  r e p r e s e n t i n g  e c c e n t r i c i t y  o r  
o r i e n t a t i o n  of  t h e  S h u t t l e  o r b i t .  SKYFl00Kmodels a l l  p o t e n t i r :  
p h y s i c a l  and dynamical e f f e c t s  on t h e  tether/subratellite/Shattlc 
system. The numerioal  i n t e g r r t  i on  i s  done i n  C a r t e s i a n  co-ordfna: e r  . 
R o t a t i o n  of  t h e  s u b s a t e l l i t e  was added i n  a  r e c e n t  upgrading  o f  t h e  
sof  twa r e .  
DUMREL models t h e  t e t h e r  system a s  a  m a s s l e s s  e l a s t i c  w i r e  w i th  
two end masses. It ino ludes  p o s i t i o n ,  v e l o o i t y ,  and r o t a t i o n  o f  t h e  
r u b s a t e l l i t e  i n  t h e  i n t e g r a t i o n  v a r i a b l e s .  Numerical i n t e g r a t i o n  i s  
done i n  C a r t e s i a n  co -o rd ina t e s .  DUMI.IEL a l s o  computes i n i t i a l  s t a t e  
v e c t o r s  a s  a  f u n o t i o n  o f  o r b i t a l  and t e t h e r  syrtem parameters .  Wire 
mass p o i n t s ,  and t h e i r  i n i t i a l  c o n d i t i c n r ,  can  a l s o  be gene ra t ed  a long  
the w i r e  t o  s e t  up i n i t i a l  c o n d i t i o n s  f o r  SKYROOK. 
STABLE models t h e  t e t h e r  a s  a  r i g i d  m a s s l s s s  rod .  I t  assumes 
t h a t  t h e  S h u t t l e  i s  i n  a  c i r c u l a r  o r b i t  and i n t e g r a t e s  t h e  in-p lane  
a n g l e ,  oat-of-plane a n a l e ,  d i r t r n c e  t o  t h e  s u b s a t e l l i t e ,  and t h e  r a t e  
of change of each a s  a  f u n c t i o n  of t ime.  The v e l o c i t y  of t h e  
s a b r r t e l l i t e  :an be rop lac ,d  by a  r a t e  c o n t r o l  law. 
WAVES i s  a "many" mess p o i n t  model of  t h e  t e t h e r  whioh i n t e g r a t e 8  
on ly  the  r a d i a l  v a r i a b l e  w i t h  no t r a v i t y  f i e l d  and, hence,  runs  v e r y  
q a i o k l y  even w i t h  I r r # e  numbers of  mass p o i a t s .  It has  been run  w i t h  
a s  many a s  40 mars p o i n t s  and i s  t y p i c a l l y  used i n  r p e c i q l  ca se  
s t u d i e s  t o  v e r i f y  o r  t o  form a  b a s i s  f o r  s t u d i e s  w i t h  o t h e r  sof tware .  
SLACXZ i s  a  multi-mars p o i u t  f ree-apace  model of t h e  t e t h e r  f o r  
s tudying  t h e  behav io r  of  a  s l a c k  t e t h e r  w i t h  e x c e p t i o n a l l y  h igh  
r e s o l u t i o n  and w i t h  h igh  computa t ional  speed.  Mass p o i n t s  can be 
a r b i t r a r i l y  d i s t r i b u t e d  a long t h e  w i r e  and c o n c e n t r a t e d  i n  a r e a s  of 
i n t e r e s t .  As many a s  50 mass p o i n t s  have been used  i n  r e c e n t  s t u d i e s  
w i t h  t h i s  model bu t  expans ion  t o  100 or  more mass p o i n t s  appear  t o  be 
s t r a i g h t f o r w a r d .  I t  runs  50 t o  100 t imer  f a s t e r  t han  SPVAOOK i n  
e q u i v a l e n t  s imu la t ions .  The model assumes t h a t  t h e  c e n t e r  o f  mass o f  
t h e  t e t h e r e d  system i s  i n  c i r o a l a r  o r b i t  and t h a t  t h e  co -o rd ina t e  
system r o t a t e s  w i t h  i t .  G r a v i t y  g r a d i e n t ,  C o r i o l i s ,  a&d a i r  drag  
f o r c e r  a r e  inoluded.  I t  i s  p r e s e n t l y  w r i t t e n  i n  two-dimensions; 
e x t e n s i o n  t o  t h e  t h i r d  dimension is  not  d i f f i c u l t .  Forc ing  e q u a t i o n s  
have been l i n e a r i z e d  (expanded i n  t h e  f i r s t  o r d e r  i n  t h e  smal l  
q u a n t i t i e s  r/R and y/R where x and y a r e  t h e  ao -o rd ina t e s  of  t h e  o r b i t  
c e n t e r  and R i s  t h e  o r b i t a l  r a d i u r .  
GRAPH, PMTFIL, PLOTFILZ, INIT, CRWNCA7, and CRUNCH9 a r e  r o u t i n e s  
a sed  w i t h  each  of t h e  SAO t e t h e r  dynamics programs t o  p r o c e s s  and 
d i s p l a y  d a t a .  
Page 26 
3.3 T e t h e t  b n a m i ~ r  Software A ~ ~ l i c a t  ions  Matrix 
3.3.1 Tether  Dynamics Software Appl ica t ions  Areas 
P o t e n t i a l  a p p l i c a t i o n s  of the  t e t h o r  dynamics sof tware  s e t  a r e  
l i s t e d  a c r o s s  t h e  top  of the  Appl ica t ions  Matrix (Figure  3-11. The 
mat r ix  i d e n t i f i e s  those a p p l i c a t i o n  a r e a s  considered most s u i t a b l e  by 
SAO f o r  each program descr ibed i n  the  ques t ionna i res .  Topics of 
i n t e r e s t  wi th in  each of these  a r e a s  a r e  descr ibed below. 
The behavior of t e t h e r  c i t e r  a  break,  r e e l  jam, o r  v a r i o u s  
c o n t r o l  svstem f a i l u r e  modes, a s  we l l  a s  tho development of methods 
f o r  dea l ing  wi th  suoh s i t u a t i o n s ,  a r e  included i n  t h i s  ca tegory.  
.4monp the r e s u l t s  of such s t u d i e s  would be appropr ia te  S h u t t l e  
avoidance maneuvers, the  s p e c i f i c a t i o n  of t e t h e r  o s c i l l a t i o n  damping 
a lgor i thms f o r  the c o n t r o l  r e e l ,  t h e  des ign of t e n s i o n  wave shock 
damoers f o r  the  s u b s a t e l l i t e ,  and t h e  development of " sa fe  opera t ing 
a rean  curves  f o r  the  deployment, r e t r i e v a l .  and s ta t ion-keeping 
n i s s i o n  phases. Such curves  would i d e n t i f y  the  s a f e  l i m i t s  of t e t h o r  
v e l o c i t y  and depar tu re  ang les  a s  a  func t ion  of o r b i t a l  a l t i t u d e ,  
t e t h e r  break s t r eng th ,  t e t h e r  deployed length ,  s u b s a t e l l i t e  mass, 
s u b a a t e l l i t e  t h r u s t e r  a c t i v i t y ,  STS mission s a f e t y  requirements ,  and 
o t h e r  such app l i cab le  parrmetors and requirements.  
SUBSX'TE L L I T l  
A S S E T 9  
B A L L G S T  
T E T H E R E D  
S A T E L L I T E  
P ROGR.U! 
P LASbl4 
blO'I'OR 
GENERATOR 
T S S O N E  
T E T H E R  
R E E L  
T E T H E R  
T E T H E R -  PD 
SKYHOOK 
FORMATION 
F L Y I N G  
S KYHOOK 
T E T H E R  
CDC 
1 J S C  
! 
CONF I C U R A T I O F  
S KYHOOK 
S T A B L E  
WAVES 
Z E T A 0  
DUMBE L 
SUCK2 
Figure 3-1. Tether Dynamics Software Applications Matrix 
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Orb i t  e r  Vrnrmic s:  
The S h u t t l e  center-of-mass moves o f f  i t s  normal p o s i t i o n  a s  t h e  
t e t h e r  i s  deployed, remains so  during s t a t i o a  keeping,  and r e t u r n s  t o  
i t s  norms1 p o s i t i o n  a s  t h e  t e t h e r  i s  r e t r i e v e d .  The behavior  of t h e  
Shn t t l e /Te the r  system must be a o c o r a t e l y  modelled under eaoh of t h e s e  
cond i t ions  t o  determine the  e f f e c t s  of  S h u t t l e  and s u b s a t e l l i t e  
t h r u s t e r  f i r i n g s  and t e t h e r  oon t ro l  o p e r a t i o n s  on t h e  behavior  of the  
oombined system and t o  eva lua te  contingency maneuvers i n  t e t h e r  
f a i l u r e  s i t u a t i o n s .  
S u b s r t e l l i t e  boamiog:  
De ta i l ed  s tudy of  t h e  motion of t h e  s u b s a t e l l i t e  whi le  i t  i s  
deployed i s  e s s e n t i s l  t o  b a s e l i n i n 8  i t s  performance a s  an experiment 
platform. These s t u d i e s  would determine the  behavior  of t h e  deployed 
s o b s a t e l l i t e  under dynamio inpu t s  from the  S h u t t l e ,  t e t h e r ,  
atmospherio drag,  and t h e  a c t i o n  of i t s  own t h r u s t e r s .  A t t i t u d e  
c o n t r o l  requirements  and performance s p e c i f i c a t i o n s  could a l s o  be 
determined by means of these  s t u d i e s .  The behavior  of t h e  
s u b s a t e l l i t e  i n  the  deep atmosphere i s  of p a r t i c u l a r  i n t e r e s t  because 
of t h e  h igh drag l e v e l  and p o t e n t i a l l y  h igh thermal load a n t i c i p a t e d  
i n  such a  mission.  
Control  ?,&! O ~ t i m i z a t i o q  V e r i f i c a t i o n :  
Control  law op t imtza t ion  rill cont inue t o  be an  a r e a  of i n t e r e s t  
a s  the  o v e r a l l  Shut t l e / T e t h e r  system dynamics a r e  f u r t h e r  s tud ied  and 
evaluated.  T h i s  a r e a  a l s o  includes  pass ive  and a c t i v e  r e t r i e v a l  
s t u d i e s  ( r e t r i e v a l  of r s u b s a t e l l i t e  wi th  a  f a i l e d  i n - l i n e  t h r o s t s r  i s  
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one p o t e n t i a l  s tudy) ,  s t a b i l i z a t i o n  of the  system dur ing s t a t i o n  
keeping, and deploylaant and r e t r i e v a l  time minimization.  
Tension wave propagat ion and e l a s t i c  and damping p r o p e r t i e s  of 
t e t h e r  m a t e r i a l s  f a l l  i n  t h i s  a r e a  of study.  Modelling of r e a l  t e t h e r  
c h a r a c t e r i s t i c s  w i l l  be an important  p a r t  of v e r i f y i n g  t h e  t r u e  
dynamics of the  t e t h e r  system. 
3.3.2 Comments on t h e  Dynamic Model Set  
Computer programs f o r  studying t h e  dynamics of t e t h e r e d  s a t e l l i t e  
systems f a l l  i n t o  two main c a t e g o r i e s .  I n  one, the  S h u t t l e  i s  assumed 
t o  be i n  a  f i x e d  o r b i t  and the  equat ions  of motion of the  s o b s a t e l l i t e  
r e l a t i v e  t o  t h e  S h u t t l e  a r e  used t o  i n t e g r a t e  t h e  motion of  t h e  
system. The p o s i t i o n  of the s a b s a t e l l i t e  i s  s p e c i f i e d  i n  a  s p h e r i a a l  
coordinate  system by two ang les  and a  r a d i u s  v e c t o r .  The ang les  a r e  
the  in-plane and oat-of-plane d e v i a t i o n s  of the  s u b s a t e l l i t e .  S ince  
t h e  motion of the  S h o t t l e  and t h e  dynamics of t h e  t e t h e r  a r e  not 
considered,  these  computer programs a r e  computat ional ly  e f C i c i e n t  and 
can be used t o  s tudy the  behavior over  long time pe r iods .  The primary 
a p p l i c a t i o n  of sach programs i s  the  s tudy of deployment. r e t r i e v a l ,  
and s t a t i o n  keeping. Control  a lgor i thms f o r  t h e  r e e l  motor o r  
t h r l s t e r s  can be developed and t e s t e d  t o  opt imize  p rocesses  sach a s  
t h e  r e t r i e v a l  of the  s a b s a t e l l i t e .  Rigid body r o t a t i o n s  of t h e  
S h o t t l e  o r  s u b s a t e l l i t e  may a l s o  be inaluded i n  the  models t o  s tudy 
a t t i t u d e  c o n t r o l .  Th i s  type inc ludes  t h e  A e r i t a l i a  and MSFC modeiq, 
and TSSONE used a t  Martin-Marietta. 
Page 30 
In  the  o t h e r  approach,  t h e  t e t h e r  system i s  r e p r e s e n t e d  by a  
d i s c r e t e  s e t  of  masses o r  segments. The motion of  t h e  d i s c r e t e  
e lements  i s  then  i n t e g r a t e d  a s  a  f u n c t i o n  o f  t ime.  T h i s  approaoh i s  
more gene ra l  b u t  r e l a t i v e l y  more expens ive  i n  terms o f  computa t ional  
time i n  p r o p o r t i o n  t o  some power (2.0 t o  2.51 of t h e  number of  
e lements  used t o  r e p r e s e n t  t h e  system. It h a s  t h e  advantage ,  however, 
of a l lowing t h e  o r 5 i t a i  moticn and dyanmics o f  t h e  t e t h e r  i t s e l f  t o  be 
s t u d i e d  and i s  t h e  most a c c u r a t e  r e p r e s e n t a t i o n  o f  t b c  :~ctuaT system. 
R o t a t i o n  of t h e  S h u t t l e  o r  s o b s a t e l l i t e  may a l s o  be  inc luded  t o  s tudy  
a t t i t u d e  c o n t r o l .  A v a r i a t i o n  of  t h i s  approach i s  t o  use normal modes 
t o  d e s c r i b e  t h e  t e t h e r  dynamics. The d e t a i l  achieved depends upon how 
many modes a r e  i n t e g r a t e d .  Deployment and r e t r i e v a l  can  be s t u d i e d  
w i t h  a l l  t h e s e  models by inc lud ing  o o n t r o l  laws and a  method of 
handl ing  t h e  v a r i a t i o n  i n  t e t h e r  i e n g t h .  Models of  t h i s  t ype  a r e  
SKYHOOK and t h e  CDC t e t h e r e d  s a t e l l i t e  program. Program TETER w r i t t e n  
a t  hMC d i s p e n s e s  w i t h  t h e  m a t r i x  i n v e r s i o n  a s u l l y  r e q u i r e d  by  t h e  
i n t e g r a t i o n  r o u t i n e s  t o  ach ieve  f a s t  i n t e g r a t i o n .  However, t h i s  
method is  s t a b l e  on ly  i f  r u f f  i c i e n t  damping i s  inc luded i n  t h e  model, 
a l t hough  t h i s  i s  o n l y  a  minor c o n s t r a i n t  i n  many moae l l i ng  s i t u a t i o n s .  
Only TETltRIREEL (MMC), "Tethered S a t e l l i t e "  (CDC), and SKYHOOK 
(SAO) a r e  c r p s b l e  o f  add res s ing  t h e  dynamic behav io r  of t h e  t e t h e r e d  
s a t e l l i t e  system a s  a  whole. Only SKYROOT can i n t e g r a t e  t h e  dynamic 
behavior  of t h e  e n t i r e  system w i t h  i t s  e lec t rodynamic  snd thermal  
behav io r ,  i ao lnd ing  a l l  p o t e n t  i a l  dynamio i n p u t s .  
3.3.3 Comments on Hardware and Software Compat ib i l i ty  
There a r e  few p o i n t s  of hardware and sof tware  commonality among 
t e t h e r e d  s a t e l l i t e  dynamics model u s e r s  and developers  (See Figure  
3-21. REEL (MMC) , TETIIER-PD (MSFC) , and SgPFIOOP (SAO) were 
speci f  i c a l l y  designed f o r  t r a n s p o r t a b i l  i t y ,  but  even these  were 
w r i t t e n  i n  two d i f f e r e n t  languages, ALGOL68 and FORTRAN I V ,  and run on 
t h r e e  d i f f e r e n t  machines: CDC Cyber NOS-1, UNIVAC 1100, and t h e  DEC 
VAX, FORTRAN I V  i s  t h e  most common language used; o t h e r  v e r s i o n s  of 
FOKlXAN a r e  next  most common. Only JSC and MMC use the  same computer, 
t h e  UNIVAC 1100. There i s  no commonality among d i s p l a y  systems, A l l  
u s e r s  can handle magnetic t ape  f o r  t r a n s f e r  of d a t a  and programs, 
howover. Even t h e  programs which were designed f o r  t r a n s p o r t a b i l i t y  
would r e q u i r e  support  from t h e  developer t o  g e t  them running 
elsewhere,  s i n c e  some reprogramming would be requ i red  t o  meet t h e  
requirements of d i f f e r e n t  computer and d i s p l a y  systems. SKYHOOrt was 
suocess fo l ly  t r a n s f e r r e d  t o  MSFC and t h e  Univers i ty  of Padova i n  t h i s  
manner. X SKYHOOK t ape  has  a l s o  been s e n t  t o  JSC and should be 
running t h e r e  s h o r t l y .  
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4.0 EIGR RESOLmION STUDY OF TETHER BEHAVIOR NEAR ORBITER 
4.1 Model Develonmrnt 
Under a p r i o r  c o n t r a c t  (NASS-33691). s t u d i e s  were done on t h e  
behavior  of the  t e t h e r  under va r ious  f a i l u r e  modes suoh a s  jamming of 
t h e  r e e l  motor during deployment and a break a t  some po in t  along t h e  
t e t h e r .  Various a n a l y t i c  and numerical  t echn iques  were used t o  s tudy 
t h e  behavior  under these  extreme cond i t ions .  The a n a l y t i c  s tudy 
modelling the  t e t h e r  a s  a s i n g l e  lump suggested t h a t  the  r e c o i l  
v e l o o i t y  a f t e r  r break i s  independent of t e t h e r  length .  Th i s  r e s u l t  
was confirmed by numerioal i n t e g r a t i o n  under t h e  asbumption t h a t  the  
r e c o i l  i s  pure ly  e l a s t i c  wi th  no damping l o s s e s .  The numerical  method 
used the  SKYHOOK program which models the  three-dimens i o n a l  o r b i t a l  
motion of t h e  t e t h e r  by breaking i t  up i n t o  a s e r i e s  of d i s c r e t e  
segments. The d i s o r e t i z a t i o n  procedure makes i t  p o s s i b l e  t o  model a 
s l a o k  t e t h e r ,  however, t h e  numerical  i n t e g r a t i o n  becomes much slower. 
I n  o r d e r  t o  o b t a i n  good r e s o l u t i o n ,  i t  i s  necessa ry  t o  have a s  many 
mass p o i n t s  a s  p o s s i b l e .  Unfor tunate ly  the  amount of computer time 
requ i red  r i s e s  r a p i d l y  a s  t h e  number of mass p o i n t s  i n c r e a s e s .  The 
inc rease  i s  p a r t l y  due t o  t h e  h igher  f requenoies  t h a t  e x i s t  when t h e  
wire  i s  modelled i n  smal le r  sec t ions .  Damping can be used t o  
e l i m i n a t e  the  h igh f requenc ies  and o b t a i n  f a s t e r  i n t e g r a t i o n  using 
methods designed f o r  st i f f  systems. Of course ,  damping suppresses  a l l  
l o n g i t u d i n a l  modes along t h s  wire  and cannot be used t o  s tudy 
l o n g i t u d i n a l  motions i f  the  behavior  i s  n e a r l y  e l a s t i c .  
Sinoe h iah  r e s o l u t i o n  and high computational  speed a r e  neoeesary 
f o r  e f f i c i e n t  study of such f a i l u r e  modes. a l t e r n a t i v e  methods were 
sought t o  these  s tandard approaches.  For  ve ry  s h o r t  p ieoes  of  wire ,  
t h e  motion a f t e r  a  break i s  n e a r l y  one dimensional  and fo rce  f r e e ,  i f  
C o r i o l i s  and g r a v i t y  g r a d i e n t  e f f e c t s  a r e  neg lec ted ,  There fo re ,  a  
one-dimensional program c a l l e d  WAVES was w r i t t e n  under the  previous  
oon t rao t  t o  8 1 1 ~  more economical i n t e g r a t i o n  wi th  8 l a r g e r  number of 
mass p o i n t s .  The program was used wi th  40 p o i n t s  and t h e  r e s u l t s  were 
presented i n  the  In te r im Report t o  con t rao t  NAS8-33691 da ted  h r o h  
1982. The one-dimensional program was p a r t i o a l a r l y  u s e f u l  in  studying 
s t r e s s  propagat ion and r e o o i l  v e l o c i t y  e f f e c t s  a s  the  wire  goes s l ack  
both  under pure ly  e l a s t i c  a o n d i t i o n s  and wi th  v a r i o u s  l e v e l s  of 
damping. Once the  wire g9ss s l ack ,  the  p o i n t s  r ep resen t ing  the  masses 
a t e  i n  f r e e  f l i g h t  most of t h e  time, coming i n t o  t ens ion  only when t h e  
d i s t a n c e  between mass p o i n t s  beoomes equal  t o  t h e  n a t u r a l  l eng th  of 
t h e  wire  segments jo in ing  t h e  masses. Each time a  segment goes in  o r  
out of t ens ion  it causes  a  d i s o o n t i n u i t y  i n  the  numerical  i n t e g r a t i o n .  
With a  l a r g e  number of masses t h e  i n t e g r a t o r  i s  c o n t i n u a l l y  
encountering d i s o m t i n u i t i a s ,  The time a t  which the  d i s c o n t i n u i t y  
ooours mast b s  found by t r i a l  and e r r o r  and t h e  polynomials used ?or  
e x t r a p o l a t i o n  mast br, r e b u i l t  p a s t  t h e  d i s c o n t i n u i t y .  
The awkward manner i n  which WAVeZ d e a l t  wi th  d i s c o n t i n u i t i e s  l e d  
us  t o  develop aco the r  approach i n  whioh oao i  bounce i s  t r e a t e d  a s  a  
po in t  event  and i n  whioh w t h  t h e  f r e e  f l i g h t  and the  bounce a r e  
handled by a n a l y t i o  teohniques.  T h i s  development l ed  u l t i m a t ? l y  t o  
SLACK?, t h e  model used i n  t h i s  s tudy,  
h i t i a l l ; ,  t h e  proatam was w r i t t e n  i n  one dimension o a l y  t o  
compute t h e  f o r c e - f r e e  motion o f  t h e  s e c t i o n  of  w i r e  nex t  t o  t h e  
S h u t t l e .  The program used  t h e  same main r o u t i n e  used i n  WAI'ES t o  t a k e  
advantage o f  t h e  inpu t  and ou tpu t  f a o i l i t i e s  a l r e a d y  developed,  b u t  
used a new a n a l y t i c  s u b r o u t i n e  w r i t t e n  t o  have t h e  same main program 
i n t e r f a c e  a s  t h e  i n t o g r a t o r .  The main r o a t i n e  computes t h e  r e c o i l  
v e l o c i t y  a n a l y t i c a l l y  from tho  system pc rame te r s  and a s s i g n s  t h i  
i n i t i a l  v e l o o i t y  t o  each w i r e  mass p o i n t .  The s u b r o u t i n e  then  
compotes t h e  r e l a t i v e  v e l o o i t y  between each  p a i r  of mass p o i n t s  
t h e  t ime r e q u i r e d  f o r  t h e  p o i n t s  t o  s e p a r a t e  by a d i s t a n c e  equa l  
s 
and 
t o  
t h e  n a t u r a l  l eng th  of t h e  segment o f  w i r e  connec t ing  t h e  p o i n t s .  The 
p a i r  of  p o i n t s  having t h e  s m a l l e s t  t ime t o  t h e  n e x t  bounce i s  
determined and a l l  t h e  p o s i t i o n s  updated t o  t h a t  t ime.  The sub rou t ine  
then  r e t u r n s  a  l i n e a r  polpnomial  g iv ing  t h e  p o s i t i o n  o f  each mass vs .  
t ime . 
I n i t i a l  t e s t  r u n s  done w i t h  t h i s  a n a l y t i c  program showed a l a r g e  
pe rcen tage  of  s imul taneous  bounces, an  unexpected and almost  c e r t a i n l y  
non-physical  r e s u l t .  When two bounoes a r e  s imul taneous ,  t h e  o r d e r  i n  
which t h e  bounces a r e  t r e a t e d  i n  t h e  program can be determined e i t h e r  
by convent ion  (depsnding on how t h e  computer oode i s  w r i t t e n )  o r  by 
roundoff  e r r o r  (where numbers cannot  be r e p r e s e n t e d  e x a c t l y  by a 
f i n i t e  number o f  d i g i t s ) .  
As d e t a i l e d  i n  Monthly Repor ts  5 and 6 t o  t h i s  a o n t r a c t ,  a  s e t  of  
r u l e  I was developed f o r  hand l ing  t h e s e  bounces i n  a  Way which l e d  t o  
r e s u l t s  i n  t h i s  model o o n s i s t e n t  w i t h  normal i n t e g r a t i o n  t echn iques .  
A more a r n r r a l  two-dimens tona l  formula t  ion  of t h e  model was then  
developed which y i e l d e d  t h e  immediate advantages  t h a t  t h e  symmetries 
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l e a d i n 8  t o  s imul taneous  bounces (and t h e  r e l a t e d  d i f f i c u l t i e s )  i n  t h e  
e a r l i e r  model were broken,  t h a t  a  t e t h e r  deployment boom o f f s e t  from 
t h e  10081 v e r t i c a l  cou ld  be inoluded,  and t h a t  t h e  i n f l u e n c e  of 
g r a v i t y  g r a d i e n t ,  C o r i o l i s ,  and a i r -d rag  f o r c e s  was r e a d i l y  modelled 
and i n t e r p r e t e d .  
4.2 SLACK2 Mode: 
4 . 2 . 1  Model Deso r ip t  i on  
SLACK2 i s  a  "lumped mass" model, i n  which t h e  p h y s i c a l  t e t h e r  i s  
d i v i d e d  i n t o  segments. The p r o p e r t i e s  nf each segment a r e  mapped o n t o  
a s p r i n g  w i t h  a  mass a t  t h e  end away from t h e  p o i n t  of  attachment. 
The p o i n t  of  a t tachment  t o  t h e  S h u t t l e  o r  t e t h e r  boom i s  modelled 
s e p a r a t e l y .  
The model a l l ows  t h e  t e t h e r  t o  be d i v i d e d  i n t o  unequal  l e n g t h  
segments. It u s e s  a  c o o r d i n a t e  system r o t a t i n g  w i t h  t h e  t e t h e r  
sys tem's  o r b i t  c e n t e r  and assumes t h a t  t h e  o r b i t  c e n t e r  i s  i n  a  
o i r c u l a r  o r b i t .  It i s  two-dimensional i n  t h e  p l a n e  of  t h e  o r b i t .  
The prime c h a r a o t e r i s t i c  of  t h i s  model i s  t h a t  i t  assumes a  
t e t h e r  which i s  s l a c k  almost  a l l  t h e  t ime.  The s p r i n g s  connec t ing  t h e  
masses a r e  neve r  extended p a s t  t h e i r  n a t u r a l  l e n g t h  and when a  s p r i n g  
doer become t a u t  t h e  masses on i t s  ends  rebound i n s t a n t a n e o u s l y .  The 
rebaund i s  computed i n  t h e  center-of-mass system f o r  t h e  two masses a s  
r r e v e r s a l  of t he  momentum components a long t h e  l i n e  j o i n i n g  t h e  
masaes. Damp!ng has  been inc luded  by a l lowing  t h e  v e l o c i t y  t o  be 
reduced by a  c o n s t a n t  pe rcen tage  a t  each  rebound. 
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The r eason  f o r  r e s t r i c t i n g  t h i s  model t o  a  slack-with-bounces 
case  i s  computa t ional  s i m p l i c i t y .  It l e a d s  t o  e q u a t i o n s  of motion f o r  
t h e  marses which a r e  s t r i c t l y  decoupled t c tweea  rebounds.  The 
r o l u t i o n  f o r  t h e  motion o f  each p o i n t  t hen  becomes s t r a i g h t f o r w a r d  a s  
desc r ibed  i n  S e c t i o n  4 .2 .2 ,  below. 
I n i t i a l  c o n d i t i o n s  i n  t h e  p r e s e n t  model a r e  f o r  a  t e t h e r  deployed 
v e r t i c a l l y  upward, w i t h  a  uniform r e c o i l  v e l o c i t y  toward t h e  S h o t t l e  
ruch t h a t  t h e  e l a s t i c  ene rgy  of  t h e  s t r e t c h e d  t e t h e r  b e f o r e  t h e  b r e a k  
i s  conver ted  t o  k i n e t i c  energy .  S imula t ions  w i t h  t h e  f u l l  SKYHOOK 
proxram d e s c r i b e d  i n  p r e v i o u s  r e p o r t s  show t h a t  t h i s  i r  a  good 
approximation t o  t h e  s t a t e  a t  t h e  moment when t h e  broken t e t h e r  goes 
s l ack .  The program i r  modular, and t h e s e  i n i t i a l  c o n d i t i o n s  c o a l d  
e a s i l y  be g e n e r a l i z e d .  The segments a r e  of unequal  l e n g t h  t o  b reak  
t h e  symmetry l ead ing  t o  s imul taneous  bounces. 
SLACK2 i n c l u d e s  a  f l e x i b l e  deployment boom a s  t h e  p o i n t  of  
a t tachment .  More g e n e r a l  boom models, 8.1. damped o r  r o t a t i n g ,  cou ld  
be added e a s i l y .  The p r e s e n t  boom model i s  p u r e l y  k inema t i c ,  w i t h  no  
a l l o r a n c e  f o r  t h e  i n f l u e n c a  of  t h e  t e t h e r  on t h e  boom/Shutt le  system. 
The governing equa t ions  f o r  t h e  motion of  t h e  boom were d e r i v e d  under  
t h e  ssswnpt ion  t h a t  t h e  boom, which had been ben t  by t h e  t e t h e r  and 
was i n  e q u i l i b r i u m  b e f n r e  t h e  b - . ak ,  i s  r e l e a s e d  sqddenly  a t  t h e  
moment i n t e g r a t i o n  beg ins  and o s c i l l a t e s  w i t h  no damping. Re laxa t ion  
of t h e r e  r e s t r i c t i o n s  moat awai t  a  more complcte t e t h e r  model a l l owing  
t h e  computat ion t o  proceed  from t h e  i n i t i a l  b reak .  The S h o t t l e  i s  
assumed t o  be an i n f i n i t e  mass a t  t h e  o r i g i n  i n  t he  co-ord ina te  system 
of t h e  model. The boom c h a r a c t e r i s t i c s  were a s  provided  by MSFC: 
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l eng th :  849 inches ,  weight :  104.2 l b s . ,  bending s t i f f n e r r :  (EX) 1 . 3  
8 2 
x 1 0  lb .  x i n .  
T h i s  model a l s o  ino ludes  t h e  e x t e r n a l  f o r c e s :  a i r - d r a ~ ,  
C o r i o l i s ,  and g r a v i t y  g r a d i e n t .  These f o r c e s ,  i n  t h e  rpproximat ions  
used,  a11  r o s n l t  i n  l i - b a r  d i f f e r e n t i a l  e q u a t i o n s  f o r  t h e  c o o r d i n a t e s  
of  each mass; t h e  masses remain uncouplod. The d rag  i s  modelled s s  a  
b a l l o o n  a t t a c h e d  t o  each  mass p o i n t .  Thi. c h o ~  2 0 ,  r a t h e r  t han  t h e  
SllPB00K moael of  a  t a u t  segment betwean a d j a c e n t  masses,  was made t o  
decouple t h e  e q u a t i o n s  of  d i f f e r e n t  masses. For t h e  s l a c k  c a s e ,  i t  i s  
b e l i e v e d  t o  be a l s o  p h y s i c a l l y  more r e a l i s t i c .  
For d i s p l a y  purposes  SLACK2 c r e a t e s  a  f i l e  i n  t h e  same format a s  
t he  SgYliOOK p l o t  f i l e  s o  t h a t  t h e  e x i s t i n g  pos t -p rocesso r  r a n  be used 
t o  g e n e r a t e  p l o t s  i n  t h e  f a m i l i a r  side-view ( r a d i a l  V L .  in -p l rne l  
format . 
Two d i s t i n o t  though r e l a t e d  conce rns  o f  utmost importance a r e  t h e  
r o b a s t n o s s  of t h e  computa t ional  model and t h e  s t a b i l i t y  of  t h e  a c t u a l  
p h y s i c a l  system ( i n  t h e  souse t h a t  minor ohanger i n  t h e  i n i t i a l  s t a t e  
do n o t  load  t o  d r a s t i o a l l y  d i f f e r e n t  s t a t e s  a t  l a t e r  t i m e s ) .  These 
i s s u e s  a r e  d i soossed  below a long w i t h  a  review of t h e  mathemat ica l  
b a s i s  f o r  t h e  model. 
4.2.2 D e t a i l s  of Mass P o i n t  Motion 
The f o r c e s  a c t i n g  on t h e  mass p o i n t s  which s i m u l a t e  t h e  t e t h e r  
a r e  l i n e a r  rpp rox imr t ions .  C o r i o l i s  and g r a v i t y  g r a d i e n t  f o r c e s  a r t  
g iven  by t h o  f i r s t - o r d e r  t e r r a  of  expans tons  i n  x/R and y/R, where x  
and y a r a  c o o r d i n s t e s  i n  a  Sho t t lo -aen te red  system and R i s  t h e  o r b i t  
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r ad ius .  Drag f o r c e  i s  modelled ~ s i n ~  a  c o n s t a n t  r tmosphe r i c  d e n s i t y  
wi th  a  atreaming v e l o c i t y  much g r e a t e r  than  t h e  t e t h e r ' s  i n t e r n a l  
r r l o o i t y .  The a o a e l e r r t i o n  produced by d rag ,  r s  w e l l  a r  b y  
~ r a v i t r t  i o n a l  f o r a e s ,  does  n o t  depend on t h e  segment !angth modelled 
by a  g iven  maas i n  t h i s  model. The c r o s s - s e c t i o n a l  a r e a ,  henca the  
f o r c j ,  i s  p r o p o r t i o n a l  t o  t h e  longth ,  and t h e r e f o r e , i n  p r o p o r t i o n  t o  
t he  mas#. The a c c e l e r a t i o n  due t o  d rag  i s  computed a s  
where A (d i ame te r )  x ( l e n g t h )  i s  t h e  sepment ' s  c r o s r - a e c t i o n r l  a r e a ;  
F - 0.75 i s  a  f a c t o r  t o  account  f o r  p r o j e c t i o n ;  CD = ? i s  t h e  
c o e f f i c i e n t  of  d r a ~ ;  pa i s  t h e  atmosphere d e n s i t y ;  v i s  t h e  
s t reaming v e l o c i t y ;  and m i s  t h e  mass of t h e  t e t h e r  segment. We used  
-3  
Pa = 1.55 x gm cm , t h e  v a l u e  g iven  by J a c c h f a  (1971) f o r  a  
1 0 0 0 ~  exorphere  a t  220-Lm a l t i t u d e .  
The c o o t d i n a t e a  x and y  a r e  d e f i n e d  r e l ; t i v e  t o  t h e  S h u t t l e  ( o r  
t h r  o r b i t  c e n t e r  of t h e  system i f  t h e  S h u t t l e  i s  f i n i t e  mass) ,  I i s  
t h e  outward r a d i a l  d i r e c t i o n ,  and y i s  i n  t h e  forward a long-o rb i t  
d i r e o t i o n .  Motion p e r p e n d i c u l a r  t o  t h e  o r b i t  p l a n e  i s  deooupled from 
in-p lans  motion and i s  i l n o r e d .  The e q u a t i o n s  of motion a r e  then:  
Wr s o r l e  t h e  time by d e f i n i n g  r = O t ,  where Q = ( G W R  1 ' I 2  is  t h e  
o r b i t a l  a n g u l a r  v e l o c i t y  and then ,  
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OF POOR QUALITY 
where p(r) - Ix. d. y. yllT. Q is a constant matrix 
T 
and d = (0, 0. 0, Dl . Equation (3) is our fundamental equation. 
This is an irhomo~eneous linear system of first-order 
differential equations with oonstant coefficients and is soluble by 
standard teohniques (e .8 . .  Boyce and DiPrimr, 1977, Chapter 7) .  In 
outline, one fJ -n d s a particulat $olutioq pd(r) to Equation (3). and 
then my other solution may be written 
where ph(r) solves the ho.orooeou~ m s t e q  
P', = Q Ph ( 5 )  
Note that rev particular solution p may be used. By inspection, d 
To f ind  a11 s o l u t i o n s  of (51,  which i s  fourth-order. we need four  
independent s o l u t i o n s ,  p ( r ) ,  p 2 ( r ) ,  p 3 ( r ) ,  p4('); then any s o l u t i o n  1 
may be w r i t t e n  ph( r )  a1 p1 (r) + a2 p2 ( f )  + a3 p3 (5) + a4 p4 ( r ) ,  
wi th  oons tan t s  m i  depending on t h e  i n i t i a l  oondi t ions .  To f i n d  t h e  
pi* attempt s o l u t i o n s  of the  form p ( r )  = r eA', where t h e  cons tan t  )i 
and the  oonstant  v e c t o r  r a r e  t o  be found. T h i s  l eads  t o  t h e  
requirement 
i .e .  )i and r form an  ei#onvalue-veotor p a i r  of t h e  mat r ix  Q ,  
Q has e igenvalues  0 ,  0, + i, and - i: t h e  m u l t i p l e  e igenvalues  
lead t o  a somewhat more complex form of t h e  correspondfng s o l u t i o n  
( s e e  Boyce and DiPriaa,  Sect ion 7.8) and t h e  complex exponent ia ls  
correspondin# t o  + i and - i may be combined t o  g ive  r e a l  s o l u t i o n s  
wi th  a i n ( r )  and c o s ( r )  terms. The end r e s u l t  i s :  
p l ( d  - to, 0, 1, 01 T 
Combinin& '41, (6) and (8 ) ,  we see  t h a t  the  8enera l  s o l u t i o n  is  of t h e  
form 
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where a,  b, 0 ,  d. e rro vectors determined by the i n i t i a l  conditions 
md the drag. Thore ooeff ioient  vootorr are oomputed rr follows. 
F irs t ,  given the i n i t i a l  oonditton, fo. xof .  yo. yo f .  oomputo a 
veotot a (of  l engt t  5 : ;  
and then ore a t o  (st the ooef f ic ieots :  
I n  p r r c t i oe  i t  proves oonvenieat t o  form one matrix with these vec tors  
and oompute the r t r t e  veotor a s  
(Note t h a t  U i s  mostly f i l l e d ,  having only four zero olementr.) 
Routines whioh compute the mrss point  pos i t i on  using the  above 
formulation were t e s t ed  by oomprring r sample ran (followed fo r  about 
20,000 secondr) with a d i r eo t  auae r io r l  i n t e ~ r r t i o n  of (2)  u r i n ~  r
foorth-ordrr Suaae-Kutta method. 
4.3 !hkuh ! lUSLU 
4.3.1 Comparison of SLACt2 with SKYHOOK 
For s tudyin8 SLACK2 a  oase whioh had p rev ious ly  been run us in8 
t h e  SKTEOOt program was used. The r e s u l t s  of t h e  SKYROOK run a r e  
shown i n  F i ~ u r e  4-1. Here, 100 km of 0.2-om Kevlar t e t h e r  wi th  a  
300-k8 s u b s a t e l l i t e  was i n i t i a l l y  deployed upward. It was c u t  200 
meters from t h e  S h u t t l e  and t h e  run is  s t a r t e d  wi th  a  uniform t e n s i o n  
of 12 k8 on t h e  t e t h e r  whioh quiokly  (0.03 seconds) l eads  t o  a  r e o o i l  
v e l o o i t y  of about 3.8 m/oeo. The r e c o i l  was followed f o r  66 seconds. 
Pi8ure  4-2 shows a  s imulat ion of a  s i m i l a r  case  using SLACK2. 
SLACK2 inoludes a  deployment boom whioh i s  v e r t i o a l  i n  t h i s  example 
and henoe does not  o r o i l l a t e  l a t e r a l l y  upon r e l e a s e .  SLACK2 begins  
the  simulation with  t h e  t e t h e r  a l r e a d y  s lack  and r e c o i l i n g .  The 
r e c o i l  v e l o o i t y  i s  oa lou la ted  by assuming t h a t  t h e  s to red  e l a s t i c  
eneray is  converted uniformly t o  k i n e t i c  energy, leadin8 t o  
where 5 i s  t h e  t e t h e r  mass (be fore  t h e  break) ,  MSS t h e  s u b s a t e l l i t e  
mass, L t h e  o r i l i n a l  length ,  A t h e  a rea ,  ~ ( 4 . 5 )  the  d e n s i t y ,  and E 
12 ( 6 . 7  x 1 0  t h e  e l a s t i o  modulus. To reproduce t h e  r e s u l t s  of F i s u r e  
4-1, we were forced t o  s e t  n+ = 0. I n  oomput ing t h e  i n i t i a l  tens ion 
f o r  tho SKYHOOK run, t h e  mass of the  t e t h e r  was n e ~ l e c t e d .  
F i l u r e  4-3 shows a  run wi th  t h e  t e t h r r  d ivided i n t o  40 se#ments, 
but otherwise tho samr a s  in  F i l u r e  4-2 (with % = 0). The Bross 
behavior i s  s i m i l a r ,  but comparison o l e r r l y  shows t b a t  the  
point-to-point s t r u o t u r e  se rn  i n  P i l u r e  4-2 (and presoaably  t h a t  i n  
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4  i s  a g e  spurious.  This  s i t u a t i o n  l i k e l y  ooours a t  a l l  l e v e l s ,  
and i s  probably a  f e a t u r e  of t h e  bounoing mass model r a t h e r  than i t s  
p a r t i o o l a r  r e r f i r a t i o n  i n  SLACI2. 
Tbere i s  o v e r a l l  agreement between Figorma 4-1 and 4-2, t h a t  i s ,  
between SKYHOOE and SUCK2. However, t h e r e  i s  oonsiderable  d i f f e r e n o e  
i n  d e t a i l ,  The 2wo s imula t ions  should be i n v e s t i g a t e d  f u r t h e r  t o  
d e t e r d u e  what i r  orus ing the  d i f fe reaoe .  Oddly enough, thoush the  
four  segment SLACK2 run should approximate t h e  SXYROOK run, t h e  
40-segment run e x h i b i t s  behavior much o l o s e r  t o  SKYEOO1[. 
Figure  4-4 shows tho  z s r a l t s  of a  run i n  which t h e  t e t h e r  mass 
was included in  the  oomputation of t h e  r e o o i l  ve loo i ty ;  t h e  boos i s  
deployed 30' forward of r e r t  icq 1, but otherwise t h e  phya ior l  s i t u a t i o n  
i s  t h e  same a s  above. T k i r t y  t e t h e r  segments were used and t h e  run 
prooeeded f o r  240 seoonda. Note t h e  quasi-periodio motion ( t h e  time 
between perks  i r  aotua1ly  deoreas ing)  and t h e  appearance of damping. 
It is  mot o l e a r  i f  eaergy i s  a s t o a l l y  being l o s t  ( t o  a i r -drag o r  t h e  
boom) o r  i f  t h e  motions a r e  simply beooming l e s s  ordered.  
4.3.2 Punning Time Considerat ions  
The four-regment run (see  Figure 4-2) took 3.3 seoonds of CPU 
time, inoluding ae tap  and output .  The anslogous SICYROOI run (Figure  
4-1) took severa l  hundred seoonds. Th is  time 2s doe t o  the  ve ry  
disoontinuooa n a t u r e  of t h e  t e t h e r  foroms i n  when t h e  t e t h e r  i s  s l aok ,  
whioh o ruses  t h e  numeriorl  i n t e g r a t o r  t o  se r roh  f o r  erah d i s o o n t i n u i t y  
and r e s t a r t  onoe i t  i s  found. The abvanta8es o f  t h i s  new approach t o  
r u m i n #  frrrrdamentrlly thm same physioal  model a r e  obvious. The 
40-segment run (Figure  4-31 took n e a r l y  20 t imer  t h e  physioal  time 
-. 
- 
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IN-PLRNE COMPONENT (HETEAS1 
\ 
i Figure 4-4. I n  plane vs. r a d i a l  behavior of the  t e the r  p lo t t ed  
i every two aeconds f o r  a t o t a l  period o f  240 mconds a f t e r  a break f o r  
i t he  ~ i t w t i o n  m d e l l e d  i n  Figure 4-2 and Figure 4-3 except t h a t  t e t h e r  
mars is inaluded i n  oomputing the  in i t ia l  r e c o i l  ve loc i ty  and t h e  boom 
l a  deployed 30' forward of t he  l o c a l  v e r t i c a l ,  The f i r a t  52 woonds 
of t he  run 18 shown above (a); t he  e n t i r e  run is ahown on t h e  next 
page (b). Note the  t e t b r r  o r a i l 2a t ions  induced by the motion of t he  
boom and the  ove ra l l  behavior similar t o  d u p e d  omcil la t ioas ,  
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Figure 4-4 (b) 
modelled, but rooh h i # h  r e r o l o t i o n  ooold n o t  be rohieved by SKYROOI 
onder r a y  oonoeivrble oompotrtion bod8et. 
To rtody the  dependenoe of oo .po t r t ion  time on t h e  number of 
re8mentr t h e  rrme p h y r i o r l  o r r e  wi th  20-, 300, SO- and SO-tether 
renments war run. There r e r o l t r  a r e  r h m n  i n  Finore  4-5. The t i m i n t  
r r r o l t s  a r e  p l o t t e d  i n  Viaore 4-6 where (I) r h o r r  t h e  CPU time divided 
by t h e  phyri081 time modelled and ( b ) ,  ehar r  t b ~  number of bounoer p e r  
p h y r i o r l  reoond and t h e  CPU time p e r  boonoe. The oompotr t ionr l  o o r t  
i n o r e r r e r  r r p i d l y ,  about CPU=(# r 0 8 m e n t s ) ~ .  but P i ~ u r e  4-6(b) 
demonrt r r ter  t h r t  r lmort  a l l  of t h i r  i n o r e c : ~  i s  doe t o  r n  i n o r e r r i n 8  
number of bounoer. The time t o  oorrpote eroh bounoe i r  r ve ry  weak 
fonot ion of t h e  nuaber of re8mentm. 
The oompotrtion time dspeadr on more than simply t h e  p h y ~ i ~ r l  
time modelled. The d i r o r s t i z r t i o n  ored r p p e r t r  t o  e f f e o t  t h e  roanin8 
time, even f o r  t h e  same number of re8mentr. As t h e  r e r o l o t i o n  near  
the  boom is  made f i n e r ,  t h e  oompotr t ionr l  o o r t  o r e s .  
Another f r o t o r  whioh e f f e o t r  t h e  oompotrtion time i s  t h e  i n i t i a l  
r e o o i l  ve loo i ty .  A r e r i e r  of p r e o i r e l y  omdpr r rb le  runs i r  n o t  
r v r i l r b l e  but t h e  r a t i o  of CPU t o  phyr ioa l  time reea r  rooahly 
p r o p o r t i o n r l  t o  t h i r  v e l o o i t y  r r  miaht be expeoted. The time taken t o  
reach 8 p r r t i o u l r r  t e t h e r  o o n f i ~ o r r t i o n  i r  rou8hly inverse ly  
p r o p o r t i o n r l  t o  the  i o i t i r l  ve loo i ty .  The number of bouncer i s  r 
fuao t ion  no t  of r u n i t  of time, but of r u n i t  of "rotion." 
It rhoold be noted t h r t  the  pronrrm ooold be c r d e  t o  run 
moderr te ly  t a r t e r .  Bff io ienoy in  pro8rrmmrr time r r r  emphrri ted i n  
developin8 SLAClt2 and t h e r e  a r e  numeroor p l r o e r  where ohrnaer ooold 
i.prove t h e  o m p u t r t i o n r l  rpeed. Some i u e d i r t r l y  obvioor onor a r e  
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Figure 4-6. Tioling r e s u l t 8  fo r  the  four  runs shown i n  Figure 
4-5, plo t ted  a8 emulative r e s u l t s  f o r  the f u l l  38 mooad8 of each 
run: ( 8 )  The r a t i o  of t he  omputa t ion  (CW) time t o  t he  physical time 
modelled; log-log p l o t  vs. t he  number of wgmentrr; and, (b)  The 
r a t i o  of t he  number of bounoes t o  t he  physical time; log-log p l o t  vs. 
t he  number of wgments. Also p lo t ted  i n  (b) is t h e  CPU time taken t o  
obprpute t he  average bounoe, whioh 58 w e n  t o  i no ream much more slowly 
with inoreaaiag resolut ion.  
Figure 4-6 (b) 
not ooaputing t h e  f o l l  s t a t e  veo tor  when only x and y a r s  needed 
(whioh would halve  tho  oos t  of these  opera t ions ) ;  optimizing t h e  
p roren t  foolproof and simple, but r e l a t i v e l y  slow, subrout ine  whioh 
r e f i n e s  roo t  p o s i t i o n s ;  and us in8 a more s o p h i s t i o r t e d  a l8or i thm f o r  
o a l o u l a t i n ~  the  e a r l i e s t  bounoe wi th  boom t i p .  Cut t in8 t h e  
oomputational time by a f a o t o r  of two would allow t h e  use of 30% more 
mass p o i n t s  a t  t h e  same oomputational expense. 
4.3.3 S t a b i l i t y  of t h e  Model System 
This  seo t ion  addresses  t h e  ques t ions  of how wel l  SLACK2 
represen t s  t h e  r e a l  t e t h e r  and how p r e d i o t a b l y  t h e  r e a l  t e t h e r  
behave 8,  
On t h e  road t o  r n  opera t in8  ooPlputer program we a r e  l e d  through a 
s e r i e s  of l e v e l s  of a b s t r a o t i o n .  I n i t i a l l y ,  of oourso, t h e r e  is  t h e  
i t s e l f :  th, l e n l t h  of t e t h e r  (wi th  a l l  i t s  
imperfeotions introduced i n  mmufacture  o r  handl ing) ,  t h e  complex 
sub-rystems a t taohed t o  e i t h e r  end, and t h e  f o l l  oomplsment of 
e x t e r n a l  foroes .  Assumptions and approximrtions (such 8s uniformity ,  
t h e  laws of 8o l id  mechanios, and l i n e a r  foroe models) a r e  made and a 
i s  wr i t t en .  For systems such a s  the  t e t h e r ,  t h i s  
model o o n s i s t s  of aoupled s e t s  of d i f f e r e n t i a l  equat ions  (DE's): 
p a r t i a l  d i f f e r e n t i a l  equation8 (PDB1s) f o r  oont inuoos components, and 
o rd inary  d i f f e r e n t i a l  equat ions  (ODE'S) f o r  d i s c r e t e  elements. These 
equat ions  t y p i o r l l y  oannot be solved e x a c t l y  and one must approximate 
the  s o l u t i o n .  One common method, p a r t i o o l a r l y  f o r  complex systems, i s  
t o  generate  a p iL0re t i zed  whioh w i l l  o o n s i s t  on ly  of 
ODE1r. Th is  wry be done, f o r  ins tanoe,  by c o n r i d e r i q  t h e  s t a t e  of 
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the  oontinuoos oomponents only  a t  a s e t  of d i s o r e t e  p o i n t s  and 
approrimating t h e  s p a t i a l  d e r i v r t i v e s  8s  d i f f e r e n o e s  between va lues  a t  
t h e s e  point$.  Tbe prooedores f o r  ( a p p r o x i u t r )  s o l u t i o n s  of ODE1$ a r e  
v u l l  eaon8h o n d ~ t s t o o d  t h a t  one nor  g e n e r a l l y  prooeeds t o  t h e  
&Q& and i t s  r e a l i z a t i o n  a s  8 ~ o m u t e g  n. 
The w e d  used here  d i f f e r s  somewhat from t h i s  
approaoh in  t h a t  t h e  s p a t i a l  d i s o r e t i z a t i o n  i s  r e a l i z e d  d i r e c t l y  on a 
physioal  l e v e l  and we need never w r i t e  do- t h e  PDE's of continuum 
aechanics .  The mathematioal model of t h e  lumped mass phys ica l  system 
c o n s i s t s  e n t i r e l y  of ODE'S r h i o h  a r e  solved a s  be fore ,  
These s t a g e s  a r e  no t ,  of oourse, n e a t l y  segmented but i n t e r a o t  
one wi th  another .  Possess ion o f  r well-anrlyzed mathematical model 
rill allow one t o  determine mote c l e a r l y  r h i o h  f o r c e s  and e f f e c t s  mry 
be ne8leoted in  prooeedin8 from t h e  p h y s i o r l  system. Computational 
d i f f i o u l t i e s  i n  proarrmming t h e  lumped mass model may suggest  b e t t e r  
ways t o  e f f e o t  t h e  o r i 8 i n a l  physioal  rpproximation. 
When speakin8 of the  s t a b i l i t y  of the  system i t  is  neoersary  t o  
be s p e o i f i o  about what is  moant. The t r a n s i t i o n  from one modellin6 
l e v e l  t o  another  can e i t h e r  in t roduce a r t i f i c i a l  s t a b i l i t y  ( a s  when a 
o r i t f o a l  f o r c e  o r  degree of freedom i s  no t  modeled) o r  conver t  8 
s t a b l e  system i n t o  an uns tab le  onr (damping might be improperly 
ne8leoted,  o r  improper d i s o r e t i z a t i o n  oan l ead  t o  numerical 
i n s t a b i l i t i e s ) .  Thus, t h e  r e s u l t s  of ooopnter s imolat ions  most be 
reviewed o r r e f o l l y  be fore  conolusions oaa be  drawn aboot r physioal  
t e t h e r  in  spaoe. 
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I n  t h e  lumped mass model t h e r e  a r e  two oh ie f  a r e a s  of concern: 
(1) How pred io tab le  i s  t h e  behavior of the  a o t u a l ,  physioal  system? 
That  i e ,  i f  we were to conduct actual experiments, would the state 
of t h e  t e t h e r  a f t e r  some reasonable time ( say  a f t e r  t h e  f i r s t  rebound) 
depend s t r o n g l y  on t h e  i n i t i a l  oond i t ions  o r  v a r i a t i o n s  i n  the  t e t h e r  
p r o p e r t i e s ?  (2)  Bow w e l l  does t h e  (physioal)  lumped mass model ( p o i n t  
masses t i e d  toge ther  by massless t e t h e r  segments) r epresen t  t h e  
o r i g i n a l  s p t o a ?  
I n t u i t i v e l y ,  it would not  be unreasonable t o  f i n d  t h a t  t h e  system 
i t s e l f  may show some i n s t a b i l i t y .  Experience shows t h a t  t h e  
oonseqoenoes of a  sudden r e l e a s e  of s t r e s s  a r e  unpred ic tab le  i n  d e t a i l  
and t h a t  t h e  normal response of a  c u t  s t r i n g  i a  t o  crumple and move 
a t o u t .  However, it i s  n o t  c l e a r  whether t h i s  r e p r e s e n t s  an 
i n s t a b i l i t y  i n  the  dynamics of the  s t r i a 8  o r  s t r o n g  v a r i a b i l i t y  i n  t h e  
d e t a i l s  of the  o u t t i n g  prooers .  
With regard t o  ques t ion  (2 )  above, m u l t i p l e  aomputer runs  were 
done t o  explore  t h e  s t a b i l i t y  of t h e  r e s u l t s  wi th  respeot  t o  
v a r i a t i o n s  i n  t h e  d e t a i l s  of t h e  model used. I f  somewhat d i f f e r e n t  
models g ive  o l o s e l y  s i m i l a r  r e s u l t s ,  then oonfidenoe in  t h e  model i s  
high,  I f  models varying only  s l i g h t l y  i n  d e t a i l  g ive  w i l d l y  varying 
r e s u l t s ,  t h e  modrl i s  i n  some sense sospeot .  SLACK2 was w r i t t e n  so  
t h a t  a f t a r  generat ing a  p a r t i c u l a r  d i r o r e t i z a t i o n  of the  t e t h e r ,  t h e  
ind iv idua l  segment l eng ths  could be v a r i e d  by ( l + a )  where e i s  a  
random number i n  :Er ranfie, (-0.02, +0.021 (2% v a r i a t i o n ) ;  t h e  
l e n @ t h s  a r e  then normalized t o  r e t a i n  t h e  o r i f i i n a l  t o t a l  t e t h e r  
length .  
Before examinin8 these  r e s u l t s ,  r e f e r  t o  F iaure  4-5, whioh shows 
s imula t ions  f o r  t h e  same phys ica l  oaso modeled wi th  d i f f e r e n t  numbers 
(10 t o  SO) of t e t h e r  seaaents .  Lookina a t  t h e  f i n a l  oonf iaura t ion  f o r  
eaah run ( t=36  s e a ) ,  r e  note  t h a t  thouah t h e  10- and 20-seameat models 
b e a r  l i t t l e  resemblanoe t o  t h e  o t h e r s ,  the  30-, 40-, and 50-segment 
models y i e l d  s i m i l a r  r e s u l t s ,  indeed appear t o  be aonveraing,  an 
i n d i c a t i o n  of model s t a b i l i t y .  
A 30-seameat model was t h e r e f o r e  ohosen a s  a  s u i t a b l e  case  f o r  
t h e  randomized p a r t i t i o n  study. T h i r t y  seaments gave about t h e  same 
r e s u l t s  a s  40 o r  SO i n  P i a n t e  4-5 and ran s u b s t a n t i a l l y  f a s t e r .  These 
rons  were o a r r i e d  throuah t o  t-60 seoonds t o  aenera te  some larae-scale  
s t r o o t o r e  ( t e t h e r  t r a i l i n g  and l e v e l  wi th  t h e  boom t i p ) ,  P iaure  4-7 
shows t h e  ooaf igura t ion  a t  t-40 and t-60 seconds f o r  t h r e e  rons  wi th  
2% seamant length  randoa iz r t ion .  It should be emphasized t h a t  these  
a r e  intended t o  represen t  t h e  same phys io r l  t e t h e r .  
F iaure  4-7(a) shows t h e  oonf iaura t ion  a t  a  moment when t h e  t e t h e r  
has  extended t o  n e a r l y  i t s  f u l l  l eng th  below t h e  S h u t t l e  and rebounded 
f o r  a  few seoonds; P i l u r e  4-7(b) shows t h e  t e t h e r  a f t e r  it has  
rebounded and extended aaa in  i n  i t s  o r i a i a a l  d i r e c t i o n  [see F iaure  
4 - 8 1 .  I n  ( a ) ,  t h e  oonsis tency between t h e  t h e e  r e s u l t s  i s  
s t r i k i n a ;  no te  p a r t i o u l r r l y  t h a t  t h e  t i p s  i n  a l l  t h r e e  s imulat ions  
a r e  b ra inn in#  t o  swina upwards ia t h e  same d i r e o t i o n ,  The s i t u a t i o n  
i n  (b) does no t  seem s o  o o n s i s t e a t ,  but  r e  most bear  t h r e e  t h i n a s  i n  
mind: t h e  t e t h e r  extension i s  much l e s s  than i n  ( a ) ,  i.8. t h e  t e t h e r  
i s  more orurnpled: t h e  soa le  is  I a r a e r ,  emphasizina the  d i f f e r e n o e s ;  
and, a s  a  mat te r  of aenera l  experience,  a l l  modrls and numetior1 
processes  sub jeo t  t o  i n i t i a l  p e r t u r b r t i o n r  w i l l  diverfie f a r t h e r  from 
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the  referenoe model r r  time i n o r e r s e s  u n l e s s  t h e r e  a r e  s p e o i r l  
o i roumrtrnces .  
I n  sumarry, i f  we do not expeot d e t a i l e d  roourrcy of t h e  model on 
r point-by-polnt b r r i r  ( rose th ing  which seem8 u n l i k e l y  ooas ide r ing  the  
d i s o r e t e  bounce n a t u r e  of the  model). t h e  r e p e a t a b i l i t y  of t h e  
rimols t ions  i s  enooorr(in#.  
These p l o t *  o o n t r i n  more apparent  d e t a i l  than i s  s t r i o t l y  
j u s t i f i e d ,  I n  Figure  4-7(b), t h e r e  r r e  200 meters  of t e t h e r  crumpled 
i n t o  r sproe b a r e l y  30 meters  r o t o r s .  The r e s o l o t i o a  (regmeat l eng th )  
v a r i e s  from 5 t o  9.5 meters  and i s  f i n e r  n e a r  t h e  at tachment p o i n t .  
The d i so ropano i r s  a r e  t h e r e f o r e  only r few segment l e n g t h s  a t  most. 
P i n r l l y .  the  s t r r i l h t  segments p l o t t e d  a r e  mis leading.  The 1 0 ~ 1 t h  of 
t e t h e r  between two mass p o i n t s  r a y  be s e v e r a l  t imas t h e i r  p l o t t e d  
r e p r r r t i o n  and rill be orurrpled so lo rhe re  i n  an e l l i p s e  wi th  t h e  mass 
p o i a t s  88 foo i .  A more p r e o i r e  r e n d i t i o n  of t h e  phys ica l  t e t h e r  would 
p l o t  the  rope between mas8 p o i n t s  i a  some wry such 8 s  r  "hazy cloud" 
r e p r e r c n t i n #  the  u a o e r t r i n  l o o r t i o n  o f  tho  l eng th  of o lack t e t h e r  
be t reen  t h e  mars p o i n t r .  J o r t  8s i n  SKYHOOK, SLACK2 s h w r  where one 
end of  eaoh t e t h e r  regment is ,  not t h e  actual te ther  shape between 
mass p o i n t s ,  Here, of oourse,  the  r o t o r 1  r e s o l o t  ion i s  much higher .  
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4.4 Conclusions and Reoommenda t ions  
I f  the  physical  system i t s e l f  i s  uns tab le  then t h i s  form of 
p r o b a b i l i s t i c  cloud mentioned above may be the  b e s t  p r e d i c t i o n  one can 
make about t h e  t e t h e r  s t a t e  some time a f t e r  a  break.  The r e s u l t s  of 
these  comparison s t u d i e s  a r e  va r i ed  enough t h a t  such a  conclus ion i s  
suggested. P r o b a b i l i s t i c  r e s o l t s ,  though not as c l e a r  c u t  as 
de te rmin i s t io  s o l u t i o n s ,  w i l l  be  about a s  u s e f u l  i n  t h a t ,  a range of 
p o t e n t i a l  behaviors  can be der ived from t h e  model. Th i s  w i l l  s e t  
limits oa the  behavior of t h e  r e a l  t e t h e r ;  a f t e r  a l l ,  t h e  t e t h e r  i s  
inheren t ly  p r o b a b i l i s t i c .  s ince  i t  i s  inhomogenous and sub jec t  t o  
non-determinist ic f o r c e s  such a s  a i r  drag,  random break f o r c e s ,  a l ~ d  
random a t t i t u d e  oon t ro l  fo rces .  Fur the r  s tudy w i l l  be necessa ry  tt, 
determine j u s t  what model cond i t ions  au tomat ica l ly  y i e l d  t h e  most 
probable behavior of the  t e t h e r ,  and what model c o n d i t i o n s  a r e  
appropr ia te  t o  iden t i fy ing ,  say 35 o r  5a b e h ~ v i o r  v a r i a t i o n s .  
Another c o r ~ l u s i o n  o f  i n t e r e s t  i s  t h a t  t h i s  model, a t  l e a s t  i n  
i t s  p resen t  form, i s  s e n s i t i v e  t o  input parameter v a r i a t i o n s .  The 
occas ional  p a i r  of near-srmultaneous bounces i s  u s u a l l y  handled 
adequately.  a l though t h e r e  have been c a s e s  i n  whioh the  program g e t s  
caught i n  a  t i g h t  c y c l e  o f  b o m c e s  (which seem genuine, g iven t h e  
model, aad not  an a r t i f a c t  of the  program). I f  the  e n t i r e  t e t h e r  
comes i n t o  t ens ion  a t  the  same time. whicb may e a s i l y  happen because 
of the  l i n e a r i z e d  fo rces ,  then mul t ip le  simultaneous bounces a r e  
poss ib le  and cannot be handled adequate ly  i n  t h e  p r e s e n t  model. 
Fur the r  thouuht must be given t o  t h i s  behavior  t o  unsure i t  i s  
c o r r e c t l y  handled i n  f u t u r e  s i 8 u l a t i o n s .  
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A major foatu+e of the  model behavior, and one t h a t  l i k e l y  
appl ies  t o  a l l  lolrped r a t s  models, i s  the existenoe of two d i s t i n o t  
models. In hiah-tosolution models ( l a r l e  numbers of t e t h e r  selments), 
soon a f t e r  the simolatioa s t a r t s  a  wave propalates  outward from the 
a e a r S h u t t l e  region of t h r  t e t h e r  r e su l t i ng  i n  increased ve looi ty  of 
the  base end. I n  lower resolut ion models, t h i s  e f f e c t  does not  appear 
and the ovoral l  behavior of the t e t h e r  i s  decidedly d i f f e r en t ,  
r o s a l t i n l  i n  a  more oruapled, "ohrotion o o a f i p r a t i o n .  
Considerable work remains t o  be done before t h i s  wave phenomenon 
i s  f u l l y  described and c l e a r l y  understood. Experiments with our 
protram should de l inea te  the dependence of the cu tof f  between the 
models (and sooh proport ies  a s  the  wave propagation ve looi ty  and the 
ener#y t r ans fe r )  upon f ac to r s  suoh IS the  a m b e r  of s e p e n t s ,  the 
d i s o r e t i z r t i o n  d e t a i l s ,  the reooi l  veloci ty ,  the t e t h e r  len l th ,  and 
othor  t e t h e r  prooert ies ,  suoh a s  dens i ty  and diameter. Other 
questions t o  be considered are: Why does the  ve looi ty  exchanaed 
become d i rec ted  the t e the r?  Are there other  raves beyond t h i s  
i n i t i a l  one, perhaps more subt le  i n  t h e i r  e f f e c t ?  
-The t m e  resolut ion of SLA-2 appears t o  be a  few segment 
lea8 ths .  
-The t e the r  oonf i lurs t ioo  a f t e r  one r e c o i l  depends somehow on the  
r ay  in  which tho t e t h e r  i s  dimcretixed, However, f o r  la rge  numbers of 
masses, the  f i n a l  conf i lura t ion  seems t o  converge. 
-Our model, and probably any lumped mass model, f a i l s  t o  f ind  the 
physioal lp  s i p i f i o a n t  wave phenomenon fo r  fewer than 30 t o  SO 
segments. Yodels with fewer segments a l s o  rhow subs t an t i a l l y  
d i f f e r en t  gross t e t h e r  motion and mask t h i s  phenomma. 
-It i s  d i f f i o u l t  a t  t h i s  point  i n  development of the model t o  
draw oonolusions about the s t a b i l i t y  of the physical system but it 
appears t h a t  a t  l e a s t  a  p robab i l i s t i c  dosoript ion of the behavior of 
the slaok t e the r  i s  a t ta inable .  
-The program i s  oomputationally e f f i c i e n t ,  running about 100 
times f a s t e r  than SKYUOOS under s imi la r  conditions.  
SLACK2 present ly  models motion within the o r b i t a l  plaae only. It 
would be simple t o  add motion i n  the t h i r d  dimension and should not 
inorease oomputationrl time subs t rn t i a l l y .  This  woold be useful  t o  
study (8) i n s t a b i l i t y  t o  out-of-plans per turba t ions  and (b) e f f e o t s  of 
a  sideways-deployed b o a  (whioh miaht be e f f ec t iva  in  avoiding t e t h e r  
r e c o i l  onto the Shut t le ) .  
Further development would a l s o  a l l w  the springs t o  come i n t o  
tension and remain tau t .  Sinoe the e x t e n s i b i l i t y  of the t e t h e r  i s  
small, the spring foroes may a l s o  be l inearized.  The model would 
s t i l l  have a  system of l i nea r  d i f f e r e n t i a l  equations (with constant 
ooof f  io ien ts )  which may be solved exac t ly  under t h i s  condition. 
Aowever, in cont ras t  t o  the present model, the masses attached t o  t au t  
spr ia6s roold uenerate ooupled equations, I f  a  segment i s  slaol i t  
e f f eo t ive ly  deoouples a l l  the masses above and below i t ,  and these 
problems may be solved reparately;  but ,  there i s  s t i l l  the po ten t i a l  
for  IN ooupled equations, where N i s  the number of t e t h e r  segments 
m a s s e s .  The solut ion of the ooupled system i s  equivalent t o  solvina 
an e i~enva lue / e i~mnveo to r  p oblem fo r  the  ooeff ioient  matrix. Due t o  
the form of the ooef f io ien t  matrix, SAO bel ieves  t h a t  a  rout ine oan be 
daveloped t o  oompute these m a o t  so lu t ions  uuch more e f f i c i e n t l y  than 
ourrent l i b ra ry  rout ines  allow. 
Self- interseot ion of the t e t h e r  i s  ianored i n  t h i s  model. 
Currently, i f  tno sec t ions  of t e t h e r s  approaoh they s i ep ly  pass 
throogh each other without i n t e r a o t i n ~ ,  a  reqnirement of the 
two-dimensioca' model. Methods of dealing with se l f - in te rsea t ion  a r e  
under consideration fo r  inolosion i n  a  fu ture  three-dimensional model. 
Development of SLACK2 alonn these l i n e s  i s  expected t o  lead t o  a  
oomputationally e f f i c i e n t  hiah reso lu t ion  (-50 mass poin t )  and 
complete dynamic model of the t e t h e r  su i t ab l e  fo r  a  -ids va r i e ty  of 
s imulr t ions and s tudies .  Development of the model from t h i s  po in t  
would include modelling the dynamics of the boom in react ion t o  the 
t e the r ,  the  infloenoe of a  non-oiroular reference o r b i t ,  s f i n i t e  mass 
shu t t l e ,  and a  d r a ~  model i n  which the balloon r t 3 i u s  at tached t o  each 
mass i s  re-calculated a f t e r  each bounoe with a  projected t.--m,nt area 
model ( t h i s  would s t i l l  leave the equations deooupled betn, 
bounoes). 
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5.0 STUDY OF ADVANCED USES OF TRB TETIIER 
An a l l o r i t h a  t o  cont ro l  the t e t h e r  r e e l  on the Shu t t l e  has been 
devised t o  damp out longi tudinal  o s o i l l r t i o n s  of the system. This 
a l 8 o r i t h .  depends only on the foroe ( tension)  perceived by the  r e e l  
mechanism and on the deployed length; it speo i f i e s  changes t o  be 
applied t o  the deployed length. Parameters t o  the cont ro l  law require  
knowledge of the t e the r  proper t ies  and s u b s a t e l l i t e  mass, but no 
deta i l ed  knowledge of the system s t 8  t e  i s  required. 
The fundamental scheme i s  simply: 
- When the perceived tension i s  high r e l a t i v e  
t o  r m e  nominal tension, r e e l  out more t e the r .  
- When the tension i s  low, r e e l  in. 
This scheme a c t s  t o  r e l i eve  s t r e s s  on the t e t h e r  under high 
tension and t o  add s t r e s s  under lor tension. It w i l l  8180 remove 
rnergy from any t e t h e r  o sc i l l a t i ons ,  since a  f u l l  oycle bringing the 
length baok t o  rore o r i ~ i n a l  value w i l l  cause the t e t h e r  t o  do ne t  
work on the  r e e l  motor. 
Nathematioally, we define an applied control  length A ( t )  such 
tha t  the  na tura l  length a t  time t i s  given by 
s 0 ( t )  = a + ~ ( t j  
where L i s  some nominal or  i n i t i a l  na tura l  length and A ( t )  i s  given 
0 
by 
ict)  - rmt)  - T ~ I  - p A W .  
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Here 
T ( t )  = peroeived t ens ion  on t h e  r e e l  a t  time t .  
To = a  nominal o r  t a t l e t  t m s i o n ;  t h i s  i s  a  parameter 
ohoren, i d e a l l y ,  t o  be t h e  equ i l ib r ium tens ion .  
B = oont ro l  parameters. 
The f i r s t  term r e p r e s e n t s  t h e  fundamental o o n t r o l  scheme of r e e l i n g  i n  
o r  out i n  response t o  t e n r i o n  ohanges. The second term i s  requ i red  t o  
make t h e  a lgor i thm s t a b l e .  I n  t h e  absence of t ens ion  v a r i a t i o n s  it 
would cause t h e  o o n t r o l  l eng th  t o  deoay exponen t ia l ly  t o  zero ,  while 
i f  t h e  equ i l ib r ium tens ion  is  i n c o r r e c t l y  es t imated,  it avoids  a  
r e o u l r r  term i n  t h e  t e t h e r  length ,  which woold otherwise  inorease  o r  
decrease  without bound. 
Althou8h i n  t h e  oases  s tud ied ,  t h e  parameters X, B, and T were 
0 
he ld  cons tan t  (wi th  t h e  c o n t r o l  law being turned on sharp ly ) ,  t h e r e  i s  
no a p r i o r i  reason why t h i s  must be so. For ins tance ,  t h e  c o n t r o l  law 
minht be phased i n  more g radua l ly  t o  avoid a  sharp d i s tu rbance  o r  one 
might v a r y  t h e  p r r rmete r s  a s  the  system p r o p e r t i e s  vary ,  a s  d u r i n l  
deployment o r  r e t r i e v a l .  
A d e t a i l e d  ( t h e o r e t i o s l )  a n a l y s i s  of t h i s  oon t ro l  a lgor i thm was 
made when i t  opera tes  on a  simple system c o n s i s t i n g  of a  mass ( t h e  
r u b s a t e l l i t e )  connected t o  a  f ixed  p o i n t  (an " i n f i n i t e  marsa s h u t t l e 1  
by a  m r s s l r s s  sp r in8  in  a  cons tan t  g r a v i t y  f i e l d .  Th i s  s tudy provided 
a  va luab le  i n r i l h t  i n t o  t h e  system behavior a s  a  func t ion  of t h e  
parameters E and B. A number of f a c t o r s  a r e  l e f t  out  of t h i s  
a n a l y s i s :  t e t h e r  mass, p a r t i o u l r r l y  t h e  f i n i t e  propagat ion veloo it i e s  
t h i s  induces; t h e  f a c t  t h a t  the  ~ r a v i t y  g rad ien t  fo rce  does n o t  y i e l d  
a  oonr tan t  g r a v i t y  f i e l d ;  C o t i o l i r  f o r c e r ;  t h e  S h u t t l e ' s  f i n i t e  
mass; and a i r  drag. e l e o t r o d p r m i o  foroos,  and l i g h t  p r e s r u r e ,  Of 
these  omiss ioar ,  only t h e  f i r r t  aeeaa l i k e l y  t o  have any s i g n i f i o r n t  
q u a l i t a t i v e  e f f e o t  on t h e  r y r t e r  behrvior ,  a t  l e r r t  i n  t h e  l i m i t  of 
rmall  o r o i l l r t i o n s .  
5.1.1 R e s u l t s  of t h e  I d e a l i z e d  Case Study 
The model o o n r i s t r  of a  sp r ing  of n a t u r a l  l eng th  'E m d  r p r i n l  
0 
o o n s t r n t  k, f ixed  a t  one end wi th  a  mass m a t  t h e  o ther .  It i s  i n  a  
oniform g r a v i t y  f i e l d ,  6. The dampin8 law a h e n  above i s  app l ied  and 
we arrumo Hook'r law g ives  t h e  t ens ion  T ( t ) .  Let  (P = m, and use 
2 
r displaoement L(t) = z ( t )  - (i + g/w ), a s  t h e  dopeadent v a r i a b l e ,  
0 
The equi l ibr ium tens ion  i s  rimply am, but l e t  o r  in t roduce some 
e r r o r  I,  r o  t h a t  we use To = 8  m + k I. We then have a  syrtom 
2 i +  w L -  a2 A 
A f t e r  n o r m r l i z r t i o n  of t h e  time by a, we o b t a i n  a  l i n e a r  system 
whore o h r r r c t e r i a t i a  equat ion i s  
A  A 2 +  & + E m *  
with  the  dimenrioalerr  p i t amete r r :  
3 = It k/o 
5 
B = B / w  
The timo has been soaled by u, s o  t h e  f r . ,  of the  damped system 
a r e  oA. Siooo t h e  a o l u t i o n r  of the  homo~eneous p a r t  of the system a r e  
sums of terms exp(uAt), s t a b i l i t y  r e q u i r e s  t h a t  a l l  r o o t s  o f  the  
c b r r a o t e r i r t i c  equat ion have nega t ive  r e a l  p a r t s ,  So long 88 # 0, 
an inhomoleneous cons tan t  term (due t o  an e x t e r n a l  fo rce  o r  t o  an 
erroneous es t imate  of the  equi l ibr ium tens ion  T ) l eads  on ly  t o  a  
0 
conotant t e n  i n  the  so lu t ion .  The behavior of t h e  r o o t s  a s  f u n c t i o n s  
of 2 and was examined by s o l v i n l  t h e  c h a r a c t e r i s t i c  equat ion 
numeriaal ly  f o r  many combinations of t h e  parameters and i s  q u i t e  
complex ( see  F i sure  5-11, The p r e c i s e  q u a n t i t y  of i n t e r e s t -  t h e  l e a s t  
nega t ive  r e a l  p a r t  of the  s e t  of roots-  behaves more p red ic tab ly :  I f  
we f i x  f and cons ider  t h i s  s t a b i l i t y  determining r e a l  p a r t  ( l e t  u s  
a a l l  i t  simply "the s t a b i l i t y n )  a s  a  func t ion  of E, t h e  s t a b i l i t y  
- 
inc rease r  from 0 a t  B = 0 and has  a  ausp a t  some optimal value ,  a f t e r  
which i t  slowly decreases .  The cusp i s  much sharper  f o r  p below t h e  
optimal value  than above. We not only wish t o  o b t a i n  rap id  damping. 
which would lead us  t o  choose the  optimal p, but we wish r "robust" 
damping mechanism, one i n s e n s i t i v e  t o  e r r o r s  i n  t h e  parameters o r  i n  
t h e  model used f o r  a n a l y s i s ;  thus,  it i s  s a f e r  t o  choose B t o  g ive  a  
damping soolewhat l a r t e r  than optimal,  s ince  i f  the  optimal value  was 
aimed f o r  but t h e  a c t u a l  6 achieved were lower than optimal the  
s t a b i l i t y  would be s e r i o u s l y  e f fec ted .  More d e t a i l e d  examination of 
the  r o o t s  suggests  reasonable parameter v a l u e s  of = 1.3 ,  = 0.24; 
f o r  t r u e  i n  t h e  r a n l e  1.0 t o  1.6, t h e  damping w i l l  not  be s e r i o u s l y  
del raded from optimal.  
5.1.2 Numerical Simulation 
The r e e l  c o n t r o l  law was implemented i n  t h e  SKYHOOK program by 
ooncatenating t h e  d i f f e r e n t i a l  equation f o r  the  deployed ( c o n t r o l )  
length  wi th  t h e  d i f f e r e n t i a l  equat ions  f o r  the  p o s i t i o n s  and 
velocities. The oon t ro l  law parameters a r e  read from the  input  f i l e  
d e s c r i b i a l  i n i t  i a l  condi t  ions,  and the  c o n t r o l  l ena th  was then solved 
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Figure 5-1, B e a v i o r  of t h e  roo t s  of t h e  c h a r a c t e r i e t i c  equat ion 
for f ixed values  of K, Note t h a t  we p lo t  t h e  negative of t he  real 
part of each roo t  (pa i r8  of oomplex r o o t s  a r e  ind ica ted  by a dashed 
l i n e )  and t h a t  f o r  K, B > 0 a l l  roo t s  have negative real p a r t s  (i.e, 
t h e  ayrtom i r  stable). ,  The quant i ty  of g r ea t e s t  i n t e r e s t  is  t h e  lower 
l i n e  a t  eroh value of B. Thi r  r o o t  governs the  golgt ion which decays 
l e a s t  rapidly,  and we want t o  choow parameters K, $ t o  optimlze t h i s  
worst rolut ion,  I n  ohoosing ac tua l  parameter6 K, $ we may not achieve 
t h e  desired d i m e n r l o n l ~ s s  parpmeter8, so there  is the  addi t iona l  
oons t r r l n t  of r o b u a t n r s ;  a l i g h t  e r r o r s  i n  t h e  parameters should not 
l ead  t o  l a rge  deoreaaer i n  parformrnoe. 
(b) 4 s  ^
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along with the other  sqort ionr  using the s t i f f l y  s t ab l e  Gear 
i n t e# r r to r .  Ths goal war t o  ohoore damping parameters which led t o  a 
robort damping roheme (one tha t  behave8 well  i n  many oiroumrtraoer i f  
not optimally fo r  the idea l ly  rxpeoted o r r e ) .  
Figure 5-2 rhowr tenrion var ia t ion8  when a r i no ro id r l  r e e l  
mansover of period 105 reo i r  applied with re lease  a t  85 sea of a 
10-ton payload, i n i t i a l l y  ree l ing  out the t e t h e r ,  This h r r  the 
rdtanta#e over r n  i n i t i a l  reel-in mrneover i n  t h a t  the  tenr ion  never 
inorearea over the pre-releare eqo i l i b r iua  valoe; however, experiment 
with the parameter8 of the simple r ino ro id r l  mrneover being ored (see 
the F ina l  Report, Maroh 1983, Contract NAS8-33691) f a i l e d  t o  prevent 
the t e the r  going rlrok. Figure 5-3 rhowr the  rrme care where the  
ao t ive  damping oontrol law war i n i t i a t e d  a t  t = 100 roo, r t  whioh time 
the r inoro ida l  maneuver war terminated. This avoided the r l rok  
t e the r ,  although tenrion did get olore t o  zero r t  one point ,  and can 
be reen t o  be draping the t e t h e r  o s o i l l r t i o n r .  From the sharp torn in  
the t e t h e r  tenr ioa  oorve when the damping r t a r t e d ,  one rospectr  t ha t  a 
atador1 i n i t i a t i o n  might be bene f io i r l  and l a t e r  runs bore t h i r  
obrewa t ion out.  
A l l  r imolationr used an 80 km i n i t i a l  deployed lsngth of 0.3-om 
Revlrr (density 1.5 g/cm3, E = 0.7 1 lo-'' dyne/c)). f h e  mass of the 
rho t t l e  war taken a s  100 metrio ton#, tha t  of the payload 88 9.5 tonr ,  
and the  r e m a i a i y  ta leoperator  r r  0.5 tonr;  the t e t h e r  mass i s  0.85 
tonr. The ryrtrm war in  r o i r o o l r r  o r b i t  of height 200 km, 
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Piaure  5-2. Tension v8. time f o r  a r e l e a e e  etudy (100-ton 
S h u t t l e ,  9.5-ton p.:.10ad8 0.5-ton t e leopera to . ,  and a n  80-lm l e n g t h  of 
0.3-0. Kevlar t e t h e r )  i n  which t h e  t e t h e r  is  r e e l e d  o u t  first t o  
r e l i e v e  tension.  The maneuver i a  g iven  by (deployed l e ~ t h )  - 80 h + 
A 1 - 0 2 t P  I , b i t h  amplitude A = -650 r t e r e .  per iod P = 209 aec. 
After 112 period,  t h e  deployed l e n g t h  is h e l d  oonatant.  The p y l a d  
is r e l e a s e d  a t  85 wconds.  
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Figure 5-3. Tendon vs. time for a release study i n  which all 
paramatera are the emma a8 i n  F imre  5-2 exaapt that a t  t - 100 aeo 
the dnusoidal mneuver i s  t m i m t e d  (held oonatant) and the aotlve 
Prge 80 
The f i r e d  p ro - re le r se  r e e l  maneuver s p e o i f i r d  an a d d i t i o n  t o  the  
n a t u r a l  l eng th  of Asin(2n t / P  + 6) of r o p l i t u d e  A and pe r iod  P; t h e  
phase b was, i n  the  oases  s tud ied ,  - n!2 s o  t h r t  the  mrnouvmr s t a r t e d  
g r r d u r t l y .  A time is  r l s o  s p e c i f i e d  a t  whioh the  mrneuvor terminates ;  
and, a f t e r  t h i s  time, t h e  n a t u r a l  l eng th  remains aons tan t  ( e raop t  8 s  
modified by t h e  damping oon t ro l  below). General ly ,  t h i o  a top time i s  
chosen 8s P/2 ,  s o  t h r t  t h e  maneuver " t a i l s  o f f n  g r r d u r l l y  a s  wel l .  
The r o t i v e  drmpint c o n t r o l  law i s  d i f f e r e n t  i n  coaoept from t h e  
r e - r l s  n e v e r :  whereas t h e  mrnouver f a  s t r i c t l y  d e t e ~ # i n e d  by 
t h e  p r r r m r t e r s  A, P , d  and tho  s t o p  time, t h e  r o t i v o  damping a lgor i thm 
r e r o t s  t o  the  s t a t e  of tho t e t h e r  i t s e l f ,  a s  we l l  a s  t o  p r r r m e t e r r  
, ~ n p a t  r t  t h e  s t a r t  of t h e  s imul r t ion ;  tho r e e l  o o n t r o l  l eng th  
a p s c i f i e d  by the  d raper  of n e o r r s i t y  depends on t h e  t e t h e r  r t r t e  simoe 
the  purpose i s  t o  modify whatever r t r t e  i s  fouad i n  t h e  d i r e c t i o n  of 
equi l ibr ium.  
We f i r s t  r p p l i e d  tho damping soheae t o  mrneuvrrs i n  whioh t h e  
t e t h e r  i s  f ~ ~ l b d  i n  b e f o r e  t # l 0 8 8 0  (wi th  8 p 0 ~ S i b l 8  S U ~ S O Q U O ~ ~  
r ee l -ou t ) ,  then we i n v e s t i g a t e d  t h e  p o s s i b i l i t y  of  simply t e e l i n g  t h e  
t e t h e r  out  t o  r e l i e v e  tens ion.  The t ens ion  on the  t e t h e r  ( a t  
equi l ibr ium) rill, of oourse,  be h igher  wi th  the  9.5 ton  p ry lo rd  s t i l l  
r t t r a h e d  than wi th  only  t h e  0.5-ton t c l e o p e r r t o r  (and 0.85 ton of 
t e t h e r ) .  To avoid  r rebound of  t h e  t e t h e r  it i s  thus  imperative t o  
reduoe the  t ens ion  t o  n e r r  the  f i n a l  d e s i r e d  equ i l ib r ium v r l w  before  
r e l e a s i n g  t h e  p ry lo rd ,  The r e e l - i n  mrneuver has t h e  advantage t h a t  by 
mrn ipu l r t in8  tho p r r rmetc r s  one orn  r l s o  h rve  t h e  system n e a r l y  s t  
r e s t  r t  t h e  moment of r e l e r r e ,  Th i s  leaves  t h e  pos t - re le rae  system 
o l o r e  t o  equi l ibr ium.  On the  o t h e r  hand, by i n i t i a l l y  p u l l i n 8  on the  
t r t h r r  r h i l r  the  heavy pry lo rd  i s  s t i l l  r t t r c h r d ,  t h r  mrximw tens ion  
rxporionord dur in8 t h e  mrneuvrr i s  i n c r r r r r d  over  t h e  rqo i l ib r ium by 
about 30% r r q o i r i n 8  r r t r o n g r r  t r t h r r .  I2 we r e a l  out r r t h o r  than 
in,  t h r  t ens ion  aovr r  i a o r e r r r r  rbovr tho  r q o i l i b r i u a  vr loo;  howaver, 
@ s p a r i s e a t  wi th  the  rimplr d o t r r m i n i r t i c  mrneuver r lwryr  found the  
t e t h e r  l o i n 8  r l aak ,  rarmin#ly beoruse t h e  ayrtem ooold not be l e f t  
wi th  r aorr-zero  v r l o o i t y  and o r o i l l r t o d  r t r o n g l y  a f t e r  r e l r r r o .  
Our r t o d i r r  of tho r o t i v r  damper i n  oombinrtion wi th  r rea l - in  
p r o - r r l e r r e  mrnruver used r r  8 r t r r t f n 8  po in t  t h e  or88 shorn i n  Finore  
4-5 of t h e  NAS8-33691 F i a r l  Report (Colombo, 1982). The r e l r r r o  and 
s inuro id  p r r rmet r ra  f o r  t h i r  o ra r  had n o t  been optimized,  and t h e  
p o r t - r e l r r a e  t r n r i o n  v r r i r t i a n r  a r e  ahown i n  F i a u r r  5-4 on r n  erprndod 
o o r l r ,  (Note t h a t  t h i r  r e q o i r e r  r e s t r i c t i n 8  t h e  8 t r p h  t o  t imar  
8 r r r t r r  than 105 secondr r f t r r  ?ha manoover r t r r t r . )  No r t t m p t  war 
mrdr t o  iagrovr t h e  r r l e r r r  t h e  o r  mrneuver. The r c t i v e  dampin8 
r I8or i thm war i n i t i a t e d  r t  t h e  wmrnt  of r e l e r r o .  and ra re r81  ehoioos 
of t h r  dampin8 p r r r m r t e r s  r r r  shewn i n  Fiaura  5-5. Fi lar .  5-6. and 
Fi8uro 5-7. Filmre 5-5 rhor r  t h e  b r r t  dampin8 achieved. Althou8h no 
r f f o r t  was mrdo t o  rervoh f o l l y  parameter r p r c r  f o r  an optimal 
so lu t ion ,  the  behavior i r  e x c e l l a n t ,  wi th  r m i n i a m  tens ion  of about 
761 of the  equilibrium value and major v r r i r t i o n r  draoina  out  wi th in  
20 or  30 rocoada (compare t o  t h r  n r t u r r l  o s c i l l r t i o n  period of about 
22 seconds in r i g u r e  5-41, F i # u t e r  3-6 and 5-7 i l l o s t r r t e  how robust  
t h e  r l8or i thm i s :  oven i f  the  p r r r a r t e r a  a r e  chorea very poorly,  t h r  
d r r p i a 8  i t  s t i l l  e f f e c t i v e .  I n  F i ~ o r a  5-6 the  p r r r m r t r r s  K and B r r r  
1.75 8 r r r t r r  than i n  the  b r r t  core  F i8or r  5-5 ( t h i s  war an attempt t o  
uro the  mrrsured o r a i l l r t l o n  f raqoracy of t h r  system r r t h r r  than r 
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Figure 5-4. Tension o s o i l l a t i o n s  a f t e r  payload re lease .  with no 
damping. A weel-inlreel-out sine-law maneuver was used p r i o r  t o  
re: 1.. wlth amplitude 176 meters. period 114 seconds. phase o f f s e t  
- . / I .  The maneu-rer terminated a t  114 seconds and r e l e a s e  was i L 117 
seconds. We p lo t  only from t = 105 seconds. System: 80-ha t e t h e r  of 
0.3-om Kevlor; 100-metric-ton Shut t le ;  9.5-ton payload; 0.5-ton 
r m a i n i n a  te leopere tor  . 
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simpla rprin#/mars derived frequenoy in oorputin# desired parameters). 
The differenoe an the tension p l o t s  i s  barely disoernable,  though 
Figure 5-5 i s  marginally be t t e r .  In Figurr 5-6 the nominal tension To 
war only 63s of the ro to r1  equilibrium tension a t  the Shut t le ;  though 
there i s  an i n i t i a l  exour8ion toward l o r  t rnr ion.  the  behavior i s  
s t i l l  qu i te  acceptable. 
For the s tudies  of a reel-out pro-release maneuver. we 
a r b i t r a r i l y  chore a period P f o r  the rinusoid of P = 200 sea. (and 
stopped the maneuver a t  t = 100 see) .  Varying t h i s  parameter would 
probably allow improvement of the post-release behavior, but did not 
prove necessary. Given P. simulations were made fo r  var ious choioes 
of the amplitode A and the tension p lo t ted .  Noting t h a t  the tension 
ahange i s  o lose ly  l i n e a r  i n  A, r e  extrapolated t o  an amplitude (A = 
-406 meters) such thaS the minimum tension ( a t  the s u b a a t e l l i t e )  
reaohed was the  desired post-release tension. The payload was 
released a t  the time of t h i s  minimum tension ( t  = 70 sec) and the 
damping algorithm i n i t i a t e d .  The sinusoid mrnouvet continued u n t i l  
t = 100 sea t o  avoid an abrupt change in  r e e l  velooi ty.  Damper 
parameterc were the same a s  f o r  the  optimal oars  ( P i p r e  5-51 
deroribrd above. The resu l t ing  tension i s  shown in  Figure 5-8 whioh 
p l o t s  the oomplete maneuver. Although the post-release va r i a t i ons  a r e  
not so impressively damped a s  i n  Figure 5-5. the behavior i s  
aooeptable and doubtless could be improved with a b e t t e r  choice of 
paramaterr (pa r t i cu l a r ly  PI. This o l ea r ly  demonstrates the 
f e a s i b i l i t y  of a reel-out maneuver oaaSined with an ao t ive  dampin8 
roheme. Note: 1) The tension never 800s above the pro-relerse 
6 
equilibrium of 300 x 10 dyacs; t h i s  should allow a thinner,  l i 8 h t e r  
te ther .  2) Thr tenrion doer not f a l l  r i g a i t i o a n t l y  below the 
aquilibrium value. 
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Page 88 
3)  The t o t a l  time f o r  the maneuver, t o  a  near equilibrium s t a t e .  i s  
about 150 seo, the same a s  fo r  the reel- in  mrneuver. 
For the cases  p lo t ted  in  Fiaures 3-5 and 5-8, the best cases,  we 
oompoted the deployed lens th  and r e e l  ve looi ty  due t o  both the f ixed 
(sinosofd) r e e l  maneuver and the ac t ive  dampint oontrol .  For the oase 
shown i n  F i ~ u r e  3 4 ,  these r r e  p lo t t ed  in  F i ~ o r e  5-9 and F i ~ u r e  5-10. 
The maximum r e e l  ve looi ty  is la rge ly  determined by the f ixed r e e l  
manenver, the  dampins oontrol  ve looi ty  being r e l a t i v e l y  smaller and 
only t a k i n ~  e f f e c t  when the f ixed maneuver has slowed down. The 
maximum ve loc i ty  i s  12.8 meter/seo. For the oase shown i n  Figure 5-5, 
t h e m  r e s u l t s  were not p lo t t ed  nor compated i n  d e t a i l ,  but tho re01 
maneuver has maximum velooi ty  4.9 meter/sec, while the  damping cont ro l  
vmlo~ i t y  i s  small, << 1 meter/seo. These v e l o o i t i e s  seem reasonable, 
but one ooold probably deorease them by varying the period of the r e e l  
mrneuver. Indeed, i f  the tension reduotion i s  roughly proportional t o  
the arrimua rooelerat ion of the  maneuver, we ern  reason a s  follows: 
the maximum velooi ty  of a  mrneuver A s in(2n t /P )  i s  V = 2nA/P, and the 
arximum acoelerat  ion i s  
Thus, t o  reduce tho maximum velooi ty  while maintaining the same 
aoomlerrtion a, reduce P by the desired f ac to r  and simoltrneously 
redoce A by tha t  f ac to r  squared. This ana lys is  i s  c e r t a i n l y  only a  
orode approximrtion but rhoold point the wry: one would have t o  
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OF POOR QI!ALITV 
r I N I T I A L  TETHER LENGTH: 80 km 
TETHER DIAMETER: 3 mn (Kevlar)  
iHUTTLE M S .  100 70115 
PAYLOAD MSS: 9.5 TONS 
TELE'JPERATOR MSS: 0.5 TONS 
C 
I 
I 
I 
C SlNUSOlD REEL -OUT 
I MANEUVER 
REEL-OUT 
- / ACTIVE DAMPING DIRECTION I ,  PAYLOAD RELEASE 
1 
I 0' do $0 7 7  so IW I i o  140 160 -I mo 200 
I REEL-IN OlRECTKMl TIME (sec) 
Figure 5-9. Tether deployed length 88 8 fuaation of  time. 
Components due t o  ainuaoid reel-out maneuver and aat ive  damping 
re8ponm &mun mparately.  
ORIGINAL PAGE 
OF POOR QUALITY 
I N I T I A L  TETHER LENGTH: 80 k n ~  
TETHER DIAMETER: 3 mm ( ~ e v l e r )  
SHUTTLE MASS: 1 0 0  TONS 
PAYLOAD MASS: 9.5 TONS 
TELEOPERATOR MASS: 0 .5  TONS 
SlNlJSOIO REEL-OUT MANEUVER 
PAYLOAD RELEASE ACTIVE DAMPING 
TIME (set) 
Figure 3-10. Roe1 velooity rs a funotion of time. Campomnts 
due to  the sinuroid reel-out maneuver and rotive damping response 
shown mpwrtely. 
detormino tho r p p r o p r i r t e  A f o r  r ehosen P by doing r t e s t  o r se  and 
o x t r r p o l r t i n g  l i n e a r l y  r s  done above, and p o s s i b l y  i t e r a t e  an P. 
Wo r e r o  only r b l o  t o  make r n  i n i t i a l  o x p l o r r t i o n  of t h e  r e l e r s o  
and drmping behavior.  A number of f u r t h e r  p o s s i b i I i t i e s  p r e s e n t  
themselves. As implemented i n  SKYUOOZ, n e f t h o r  tho s i n e - l r r  roe1 
mrnouver nor t h e  q o t i v r  drmping ohrnges t h e  mass csed f o r  t h e  
near-Shut t le  t e t h o r  segment. The e r r o r  i s  n o t  l a r g e  (on t h e  o rder  of 
10%). but should be rocormted f o r .  
There i s  no 4 rorson t h a t  t h e  f ixed  pro-re lease  maneuver 
should be r s inusoid;  t h i s  r r s  ohosen t o  give  t h e  d e s i r e d  bross  
p roper t  i e s  wi th  r rimple two-parameter family. By proper ly  ohoosing 
tho  mrnouvor funot ion ( rh ioh  need no t  be r simple r n r l y t i o  
oxpross ion) ,  one no doubt oould reduce t h e  demands on t h e  drmping 
r l g o r i t h r  r a d  on tho re01  motor, p r r t i o o l r r l y  i n  tho  reel -oat  o r se .  
The drmping l r r  might a l s o  depend on t h o  tons ion  time d e r i v a t i v e  
o r  inoludo delay t o n s .  The good r e s u l t s  achieved wi th  t h e  simple 
Irr ,  howovor, probably do no t  j u s t i f y  t h i s  oompliort ion.  
I n  p r r c t i c o ,  one r o o t d  r a n t  t o  i n i t i r t o  tho drmping Irr grrdualLp 
t o  avoid tho sodden shook and r e s u l t i n g  o s c i l l r t i o n s .  
One might vary  the  drmping parameters,  p r r t i o o l r r l y  T t o  follow 
0' 
tho oxpeotod bohrvior  dur ina  r mrnouvrr such a s  deployment. The 
dampct would than provont exoutaions  from t h e  d e s i r e d  mrnouvor. One 
oould porhrps oven o r o r t e  a mrnouver by t u i t r b l y  varying T between 
0 
t h e  ooreant  and dorivod o t r t o s  rad  l o t t i n g  the  damper dotormine the  
exro t  t t r j o o t o r y .  
Berm the t r ans fe r  of r  prylord t o  r moderately hish o i r o o l r r  
o rb i t  i r  demonrtrrted or  in8 an rpproprir to  r e e l  maneuver and the 
drmpina r lgori thm deroribod i n  Seotioa 5.1 t o  s t a b i l i z e  the 
Shutt le/Tether/Teleoprir t o r  system r f t e r  r e l e r r e .  
The Shut t le  mrrr war 100 metrio tons, the prylord mrrr 9.5 tonr.  
and the t e l eope r r to r  mrrr remainin# r f t e r  r e l e r r e ,  0.5 tonr.  The 
t e the r  ured war 0.3 om diameter ?bvlrr with r  dens i ty  of 1.5 am o c 3  
d e l t i i t  0.7 x 1 0  d c 2 .  The required t e t h e r  lenath i t  
determined by the r e l e r se  oonditionr and i r  derived below. This  
lenath i r  61 km, with r mars of 0.65 tonr.  A l l  r imulr t ionr  were done 
with r i x  mrrr points:  the Shut t le ,  the r u b r r t e l l i t e  ( t e l eope r r to r  o r  
te leoperr tor /prylord)  . and four t e t h e r  reot ions,  
The i n i t i r l  o rb i t  of the Shut t le  war r 200 t o  520 km a l t i t u d e  
e l l i p r e  ( t h i r  o rb i t  ooold be rmrohed with one burn from r  200 km 
o i r o o l r r  o r b i t ) .  We rrrumed tha t  the Sbut t le  had baen in jec ted  i n t o  
t h i r  o r b i t  and had then deployed the tether/teleoperrtor/prylord, so 
tha t  the o r b i t  oenter  of tha f u l l  system war in  the preroribed o r b i t .  
The proatam whioh aener r te r  i n i t i a l  oonditionr f o r  input t o  SWROOK 
r t r r t r  rn  e l l i p t i o r l  o r b i t  r t  r point  90' fo r r r rd  from the pe r i l ee .  
In  t h i r  o r re ,  t h i r  required an i n i t i a l  r l t i t u d e  of 355 km f o r  the 
o rb i t  oentrr .  The in teara t ion  r t r r t e d  a t  t h i r  point  with r v e r r i o r l l y  
deployed t e t h e r  and proceeded u n t i l  rpoaee, where i t  wrr desired t o  
r e l e r r e  the prylord. A o e r t r i n  rroont of l i b r a t i o n  r r r  introdooed in 
the rimolrtion by t h i r  quarter  o r b i t  of in teara t ion ,  r e r u l t i n a  in  r 
more r e l i t  o r .  I n  r n  r o t o r l ,  pbyrior l  r i t o r t i o n ,  t h r  ex i s t i n8  
motion doe t o  l i b r r t i ~ n  and r o r i d o r l  motion from deployment rill have 
t o  be taken i n t o  rooount in  f i n e  tonin8 t h e  pre-rolorre  mrneovor rod 
t h o  of r e l e r  r e  . 
Oivea t h e  o l l i p t i o  i n i t i a l  o r b i t  f o r  t h o  o r b i t  o e a t e r ,  t h e  lon8th  
of t e t h o r  moat bo determined r o  t h a t  when r e l e r r e d  a t  rpo lee  tho  
prylosd rill be i n  r n  rpproximrtoly  o i r o o l r r  o r b i t .  As dofined i n  t h e  
"Stody of C o r t r i n  Laonohin8 Teohniqwr  Usin# Lon8 O r b i t i n 8  tot hot^" 
( F i n a l  Teohniorl  Report f o r  8 r r n t  NAQ-8008, Mrroh 19811, t h e  
prrameterr  a r e :  
C1 - rpo8eo of pre-re lorre  o r b i t  ( f o r  o r b i t  oen te r )  
C2 = pmri8ee of pre-rolorrm o r b i t  
S = r a d i u s  of o i r o o l r r  o r b i t  of  r e l o r r e d  p ry lo rd  
r - l enu th  of t e t h e r  from o r b i t  o e n t e r  t o  prylord.  
P 
The born quapi t i t ier  a r e :  
and from #eometry, S - C1 + z S m y  be found from r n  oqor t ioo  on 0, 
p rae  11 of  the  r e p o r t :  
Approrimatin8 t h e  o r b i t  oen te r  by the  o e n t e r  of marr, r e o a l l i n 8  t h e  
marrer of 100 and 10 tonr ,  and ne# loo t in#  t h e  marr of t h e  t e t h e r .  t h e  
requ i red  t o t a l  t e t h e r  lenntb  i s  
T h i r  example urea a  l e n a t h  of 61 km e x r o t l y .  T h i s  i r  t h e  s t ro tohed  
l e n a t h  of the  t e t h e r  in  e q u i l i b r i u a  a t  the  i n i t i a l  p o i n t  on t h e  o r b i t  
and i r  a  required f o r  input t o  t h e  i n i t i a l  oondi t ion rou t ine .  It 
would have born more p r e o i r e  t o  a d j u r t  the  r t ro tohed  l e n l t h  of 6 1  km 
a t  apolee  back t o  t h e  l r n l t h  i n  t h e  8 r a t i t y  # r a d i a n t  a t  t b e  i n i t i a l  
po in t .  but  the  d i f fe renoe  i s  m a l l  oompared t o  o t h e r  a e l l o c t e d  e f f e o t r  
r w h  a8 l i b r a t i o n .  
Tbe d e s i r e d  e l l i p t i o a l  pre-re loare  o r b i t  and t h e  t e t h e r  l r n l t h  
whioh rill allow r e l e a r e  i n t o  a  o i r o u l r r  o r b i t  haor nor  been 
oaloula ted.  Tbe f i n a l  oomponent needed i r  t h e  r e e l  maneuver and 
t h i n )  of t h e  r e l e a r e .  Beoruse of d i f f i a u l t i e r  i n  renovat in8 t h e  
pro8ram t o  a e n e r a t e  e l l i p t i o a l  i n i t i a l  aond i t ionr .  tho  r e e l  maneuver 
war i n - e r t i p t e d  repara te ly ,  r t a r t i n g  wi th  an i n i t i a l  o i r o u l r r  o r b i t ,  
and l a t e r  oombined wi th  t h e  i n i ; l a l  e l l i p r e .  T h i s  i r  an aooeptable  
proordure f o r  a  f i r r t  a p p r o x i u t i o n ,  but oare  murt be taken t o  opera te  
wi th  an o r b i t  of  tho rame h e i l h t  r r  t h e  intended r e l e a r e :  Tho t e t h e r  
t ens ion  v a r i e s  a' the  ( rav i t ,  f i radient ,  which v a r i e r  a8 R-)a The 
tenr ion  i n  a  t e t h e r  a t  520 km a l t i t u d e  tho8 d i f f e r 8  from t h a t  a t  200 
t. by (6898/6170-~ = 0.167. 1.e. 13% 1.88. Other e f f e o t r .  
e r p e o i r l l y  l i b r a t i o n ,  rill e f f e o t  the  t e n r i o n ,  b a t  t h e i t  o o n t r i b u t i o n  
i r  minor ( t h e  t o t a l  d i f f e r e n o e  noted when t h e  e l l i p t i :  oa re  war run i n  
f o i l  was 0.856). Since t h e  r e e l  maneuver i s  desi8ned t o  reduce the  
t ens ion  by some 95%. a maneuver s o i t a b l e  f o r  200 km a l t i t u d e  w i l l  be 
most u n s u i t a b l e  f o r  w e  a t  520 km - indeed. it rill a rose  t h e  t e t h e r  
t o  80 s laok.  With t h i s  oaut ion i n  mind, t h e  followin8 parameters r e r e  
found t o  be appropr ia te :  
Reel Maneover: A s in (2n  t I P + 6) 
A = -182.24 meters 
P = 150 seoonds 
6 = - n12 f o r  8 r rdua l  i n i t i a t i o n  of maneuver 
stoptime PI2 f n r  aradoal  t e rmina t ion  
Aotive Dampin8 Alaorithm: b ( t )  = K[T(t)-TO] -b A ( t )  
8 To = 0.16 x 13 dynes 
X = 0.14 x lo-' cm dyne-' sac-' 
6 = 0.047 s8o-l 
The followin8 formulas, based on s o a l i n 8  a r ~ o m e a t s  wi th  coef f  i o i e n t s  
der ived from a sample o r r e ,  provide 8ood s t a r t i n 8  p o i n t s  f o r  the  
ac t ive  damping pa ram, t e r a  : 
B = 0.041 roo-' fd10.3 om1 [r/SO kml -Ir2 [ma10.5 ton1 -112 
X = 0.16 x om dynes-1 s 0 0 - ~  Id10.3 om]-' I d 8 0  kml1I2 
fm.IO.5 tonl  -112 C 
altSough the  optimum tens ion  To t o  use i 8  bea t  der ived by m*asnring 
the  a c t u a l  t e n s i o n  in  the  damped. re leased  s t a t e  i n  r s o r t  of 
boo t s t rap  prooedurr.  Were. d i s  t h e  t e t h e r  diameter.  z i e  length .  ma 
t he  ~ o b ~ ~ t e l l i t e  mars, and mt t he  t e t h a r  mars. f b e  r e l e a s e  time r a a  
ohostn a s  the  moment when tho t ens ion  a t  the  s u b s a t e l l i t e  (payload + 
t e l e o p e r a t o r )  was t h e  same a s  t h e  u l t imate  equi l ibr ium tens ion  a t  t h e  
t e l e o p e r a t o r  a f t e r  r e lease .  As wi th  t h e  t ens ion  To a t  t h e  S h u t t l e ,  a  
f i r s t  approximation t o  t h i s  d e s i r e d  t ens ion  is  
8 
Tsubsa t - 0.165 x  10 dynes Iz l80 km1 Ims/0.5 ton1 
whioh must then be i t e r a t e d  t o  use t h e  a c t u a l  re laxed t ens ion  a f t e r  a  
suooessfol ,  but  s u b - o p t i u l ,  r e l e a s e  i s  aohieved. The r e l e a s e  time 
der ived by t h j s  method is  55 seconds. One f i n a l  po in t  t o  note:  t h i s  
manduver o rbs  a  s t r i c t  reel-out c o n t r o l  law, without an i n i t i a l  
real-in.  Th i s  leaves  the  re leased  payload wi th  a  s l i g h t  outward 
r a d i a l  v e l o c i t y  r e l a t i v e  t o  t h e  o r b i t  c e n t e r ;  thus ,  t o  ge t  a  c i r c u l a r  
o r b i t  ( z e r o  r a d i a l  v e l o c i t y ) ,  t h e  r e l e a s e  must occur s l i g h t l y  a f t e r  
apogee, when t h e  system has a  ne t  inward v e l o c i t y .  
These components can now be "patched" toge ther .  F i r s t ,  an  
e l l i p t i c a l  o r b i t  was senera ted  beginning wi th  a  v e r t i c a l l y  deployed 
t e t h e r  90' forward from per igee .  Th is  o r b i t  was followed u n t i l  
somewhat a f t e r  apouee (114 o r b i t )  wi th  no r e l e a s e .  A sample run of 
t h e  r e e l  maneuver without r e l e a s e  was a l s o  prepared.  Programs were 
w r i t t e n  t o  read t h e  SllYllOOK s imulator  output  and p r i n t  t a b l e s  of 
va r ious  q u a n t i t  i e s  a t  each output i n t e r v a l ,  s p e c i f  ica l l y ,  t h e  r a d i i  
and v e l o o i b i e s  i n  the  r a d i a l  and in-plane d i r e c t i o n s  of the  S h u t t l e  
and s u b r a t e l l i t e ,  the  c i r c u l a r  v e l o c i t y  f o r  these  r a d i i ,  and the  
v e l o c i t y  and p o s i t i o n  of the  s u b s a t e l l i t e  a s  perceived i n  t h e  
ooordinate  system centered on t h e  S h u t t l e  and wi th  axes i n  t h e  r a d i a l  
and in-plane d i r e c t i o n s  ( a l l  out-of-plane components were z e r o ) .  Trom 
these  t a b l e s ,  t h e  time a t  which t h e  system's inward v e l o c i t y  would 
bal rnoe t h e  r e l e a s e  v e l o c i t y  r e l a t i v e  t o  t h e  o r b i t  c e n t e r  was 
e s t i u t e d .  This  i s  the  f i r s t  spproximation t o  the re lease  time, and 
by subtraoting 55 seoonds from t h i s  time a  s t a r t  time fo r  the  r e e l  
u n e u r e r  wa r obtr  ined. 
Sore d e t a i l s ,  suoh a s  the effeot  s  of l i b r a t i o n ,  were n e ~ l e o t e d  i n  
deriving these s t a r t  and re lease  times. The next s t ep  was t o  r e f ine  
the estimates.  To reduce oomputation time a  SUYFIOOll input f i l e  ran 
oreated, on the bas i s  of the SlKYROOK output from the i n i t i a l  
r l l i p t i o a l  o rb i t ,  whioh allowed the s t a r t  of the in te$ra t ion  sho r t ly  
before the maneuver s t a r t  time derived above. Some leeway was l e f t  so 
tha t  t h i s  s t a r t  t i r e  could be varied. Several o r b i t s  were run with 
d i f f e r en t  maneuver s t a r t  'times and no payload release.  For eaoh s t a r t  
time, a  r e l e s se  time was defined a s  t ha t  time when the t o t a l  r ad i a l  
velooi ty of the  s u b s a t e l l i t e  (payload) was zero. Then, by tabola t in$  
the release time r e l a t i v e  t o  the s t a r t  t i n e  ( t h i s  should be 55 seconds 
f o r  optimsl port-release t e the r  behavior) and the difference between 
the ro to r1  in-plane ve looi ty  and the c i r c u l a r  ve looi ty  a t  the  
s o b s a t e l l i t e  radius  (which should be zero f o r  a  c i r o u l a r  r e l e s se )  a s  a  
funotion of time, it was discovered t h a t  the f i r s t  quant i ty  var ied 
muoh more rapidly than the others ,  so  the r e l a t i v e  re lease  time was 
ohoson t o  determine the s t a r t  time, and hence the t h i n #  of the e n t i r e  
Ill8lleUVOt. 
Thus, by betinnin# with a  deployed t e t h e r  in  e l l i p t i c a l  o r b i t ,  
oondootin# r  tension-redocin# maneuver and re leas in#  the payload a t  a  
t h e  o r r e f o l l y  ohosea t o  ooa t ro l  the t e t h e r ' s  post-release 
08o i l l a t i on r  and t o  leave the payload with zero r a d i a l  velooi ty,  t t e  
payload o rb i t  war plroed in  an almost per feo t ly  o i r c u l r r  o rb i t .  The 
f i n a l  eoeea t r ic i ty  n r  1.7 x lo-' d i o h  was deemed 800ept8bl@. 
No attampt was mrda t o  analyta the dapendanoa of tha f i n a l  o r b i t  
on tho other parameters ava i lab le ,  nor t o  modify those parameters t o  
rehieve a  more nearly o i rou la r  o rb i t .  The primary parameters 
ava i lab le  a r e  the i n i t i a l  o rb i t  parametars (say the minimum and 
marhum heinhts)  and tho t e t h e r  length. The t e l ea se  maneuver has 
r e l a t i v e l y  l i t t l e  impact, the v a l o o i t i e s  involved beinn small ( 6  
meter/seo) oompared t o  the r a d i a l  ve looi ty  of tha e l l i p t i o a l  o r b i t  
@van a  minute from rponee (12 m/s). How m i ~ h t  these prrameters be 
adjusted t o  produce 8 o i r c u l r r  o r b i t  i f  the t heo re t ioa l ly  derived ones 
had not been adequate? Prom a computational standpoint,  the simplest 
r ay  woold be t o  ad jus t  the apogee height,  redooing i t  t o  inorease the 
payload release ve looi ty  r e l a t i va  t o  c i r c o l s r  veloci ty .  T h e  release 
maneuver woold not need t o  be reoomputed, only sozled. In  r physical 
s i t ua t ion ,  the o rb i t  i s  more l i k e l y  t o  be ~ i v e n  and then only the 
t e t h e r  length can ba varied. This woold require  recomputin8 both the 
i n i t i a l  o rb i t  and the  re lease  manewet, Indeed, an idea l  oontrol  
al8orithm f o r  r r l ea se  would a l s o  oontain r r e l a t i v e l y  b r i e f  (perhaps 5 
t o  10 a inutes )  deployment/retriaval phase fo r  minor adjustments t o  the  
t e the r  leanth befora s t a r t i n g  the tension reduoing pro-release 
maneuvar. To rohiavo o i r c u l r r  re lease r t  a  prescribed height,  two of 
the three parameters (rpo8ea heinht,  perigee heinht,  to  t he r  lennth) 
most ba determined, l e a v i n ~  only one f r ee  parameter t o  meet other  
mission reqoiromants. 
One s w h  mission requirement woold be for  the f i n a l  o rb i t  of the 
system t o  ba high enough a f t e r  re lease t o  avoid re-entry. SFYBOOK was 
allowad t o  in tegra te  the system a f t e r  payload r e l e r sa  well  past  
pori lao.  The Shu t t l e ' s  lowest a l t i t u d e  was detarminad t o  bm 165 km, 
d a n ~ e r o u r l y  low in  a  
the te ther .  but t h i s  
p r ao t i ca l  s i t ua t i on .  Thore war no r e t r i e v a l  of 
roo ld  r a i r o  the o r b i t  only r l i a h t l y .  To avoid 
t h i r  s i t u a t i o n  the  i n i t i a l  o r b i t  roo ld  need a  hiahor periaeo. 
requir ina two r h o t t l e  burnr f o r  in jeo t ion .  
To summarize: 
Shut t le :  
100 metrio tons 
S u b r r t o l l i t e :  
9.5-ton payload 
.. 0.5-ton te leopera tor  (remain8 r f t e r  r e l ea re )  
Tether:  
Lenath: 61 km 
Warr: 0.65 ton 
0.3-am diameter t e v l a r  
I n i t i a l  o rb i t :  
Pe r f l ee  a l t i t ude :  199 km 
Apoaee a l t i t ude :  519 km 
Baaentr ioi ty:  0.0237 
S t a r t ed  90' r f t e r  periaee.  with t e t h e r  f o l l y  deployed 
Roe1 maneuver beainr  r t  1386 reoondr a f t e r  s t a r t ;  
parameters 
Amplitude: 182 meterr 
Period: 150 rooondr 
Ualf-period r inoroid maneuver, r h i f t e d  so t ha t  onret  
and rtoppina a r e  aradual ( r  cor inoro id) .  
Pure reel-out maneuver. 
Boleare payload a t  1441 reoondr. 
Aotive dampinn of t e t h e r  bolon a t  re lease .  
F ina l  o r b i t  of payload: 
Booentrio i t y :  0.00017 
Alti tude: 575 km 
Final  o r b i t  of Shut t le :  
Pe r i l ea  r l t i t u d o :  165 ka 
Apo8ee a l t i t u d e :  514 ka 
The tonrion and a  ride-view of tho system r r e  p lo t t ed  f o r  t = 0  
t o  2000 rooondr i n  Fiauror 5-11 and 5-12. Tho tenr ion  behavior near  
PA
Y L
OA
D 
RE
LE
AS
E 
TO
 C
IR
CU
LA
R-
OR
BI
T 
TE
NS
IO
N 
VS
, 
TI
ME
 
SH
U
TT
LE
 M
A
SS
 :
 
10
0 
t
o
n
 
PA
Y 
LO
AD
 M
A
SS
 : 
9
.5
 t
o
n
 
TE
LE
O
PE
RA
TO
R 
M
A
SS
 :
 
0
.5
 t
o
n
 
D
EP
LO
YE
D 
TE
TH
ER
 
LE
NG
TH
: 
61
 k
m
 
RE
LE
AS
E 
M
AN
EW
ER
 
=
 
13
86
 s
e
c
o
n
ds
) 
Fi
gu
re
 5
-1
1.
 
T
et
he
r 
te
n
si
on
 fr
om
 t
he
 i
n
it
ia
ll
y 
de
pl
oy
ed
 
c
o
n
fi
gu
ra
ti
on
 (
t =
 
0
) t
hr
ou
gh
 t
he
 r
e
le
as
e 
a
n
d 
d
ar
p
i~
g (
t 
44
41
) 
u
n
ti
l 
t 
=
 
20
00
 s
e
c
o
n
ds
. 
Th
e 
de
ta
il
ed
 r
is
ai
on
 p
ro
fi
le
 i
s 
de
m
cr
ib
ed
 i
n
 t
he
 
te
xt
. 
GWAL 
POOR 
ORIGINAL PAGE 13 Page 102 
OF POOR QUALllY 
the time of releami' i's p l a t t ed  in  Figure 5-13. with m expanded time 
s a l e  Pigure 5-14 gives a sohematio representat ion of the payload 
o r b i t a l  t r ans fe r .  
5.3 Payload Aoqoisition by a Tether Deployed from a Spaoe S ta t ion  
The t e t h e r  behavior when a payload i s  suddenly aoquired by a 
t e t h e r  deployed dowaward from a Spaoe S ta t ion  in  moderately high o rb i t  
was invest igated,  
For t h i s  speoi f io  o r r e  the  Spaoe S ta t ion  was plroed i n  a 500 km 
a l t i t u d e  o i roolar  o rb i t .  The payload was in jec ted  from an i n i t i a l  200 
lu parking o r b i t ,  l iv ing  a 200 km perigee f o r  the  payload de l ivery  
o r b i t .  The t e t h e r  length and the apogee height of the payload o r b i t  
were then adjusted so t h a t  1)  a t  apogee, the payload i s  a t  the same 
height a s  the te leopera tor  end of the t e t h e r  and 2) the velooi ty of 
the  payload in  o r b i t  a t  apogee i s  the same a s  the  te thered  
te leopera tor  velooity.  
I f  R  i s  the  s t a t i o n ' s  o r b i t a l  radius  and L i s  the t e t h e r  length 
then the te leopera tor  ve looi ty  i s  
where A = LIP i s  what r e  want t o  find. 
The payload o r b i t ' s  peri8ee i s  speoified. The small parameter 6 i s  
introduoed so  tha t  the perigee radios i s  (1-&)Re The apogeo i s  given 
by oondition (1) ss (1-AIR and heme the  semimajor ax i s  i s  
a - + R  applying $ = OM ~r - 11.1 a t  apogee, r = 
A the p.,load ~ r l o o i t ,  i s  V = (OMIR) [2/(l-A)-l/(l-(A+6) 12) I P 
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' PAYLOAD TRANSFER TO CIRCULAR ORBIT 
PAYLOAL CIRCULAR ORBIT -? 
Fiyro  3-14. A rohmmtio view of the various orbits discussed i n  
the text. Tho bowily drawn portions roprosont rotwl  trajootorios. 
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Condition (2) raqui ra r  a q u t i n g  V m d  VT, lardin8 a f t e r  roma P 
man ipu l r  t ion t o  
[I-&13 [I-(A+6)/21 - 1-8 
Thi r  i r  rn  aqort ion t o  be rolvad f o r  X, tha  r e r l ad  t a t h a r  lan8th,  
l i ven  the  p r r r ~ a t a r  6,  the  #orlad diffaranoa batraoo the  Sproa 
l t r t i o n  and payload pra-injaotion o r b i t a l  r a d i i .  Sinor A and 6 r r r  
r u l l ,  a f i r r t -o rda r  ro lu t ion  8 ivar  6 7  Tha equation r r r  rolvad 
numrrior l ly  f o r  8 e (0 , l I  and tha r a t i o  (7%/8) t o  tha f i r s t -order  
ro lo t ion  i r  p lo t t ed  i n  Pi)ore 5-15. For t h i s  orsa  8 = 
(500-200)/(6378+500) = 0.0436, rh i ah  i r  i n t r r p o l r t a  t o  (7X/6) = 1.0275 
givin8 L - 44.036 km. This i r  the l a n l t b  from the  o r b i t  oen te r  t o  tha  
ta laopar r tor .  Uain8 the  r r r r a r  8ivan b a l m  and r oaatar-of-mrrr 
rpprorimrtion. r t o t a l  t a tho r  l a n l t h  of 44.07 km is  obtained. 
In  r m a r y ,  the ryrtam pr r rmr ta r r  r r a :  Sproa S t a t i on  o r b i t ,  500 
km a l t i t u d e  o i r o o l r r ;  payload o r b i t s ,  200 ka peri8aa and 456 km 
apo8aa: Spaoa S t a t i on  8888, 1000 matrio tonr:Tethrr  prrametarr,  44.07 
k. l o n ~ ,  0.3-om d i r a a t a r  Itov1rr:Talaoparrtor a r s r ,  0.5 toa:Payload 
marr, 9.5 ton,  
Piaura 5-16 rhorr  the tanr ion rerponra when tha prylord i r  
roddanly roquirad r t  t - 10 raoondr. Note tha strong tanr ion  
o r o i l l r t i o n r  with period about 185 raoondr, with mrrimum tanr ion  rboot 
8 3.2 x 10 dyne$. By applyin8 tha r o t i v a  dampin8 al#ori thm diroorrad 
in Saotion 5.1 (rbora)  the tanr ion rarponra of Figure 5-17 i r  
aohiavad. The damper war tornad on a t  the momant of roqu i r i t i oa ,  with 
- 1 paramatars 1 - 2.66 a 5. dynar-I rao , 1 = 0.012 and To - 
8 1.6 r 10 d m a r  (ohoran r l i # h t l y  l ao r  th rn  the arpaatad 
8 par t - roqoi r i t ion  equilibrium tanr ion  of 1.68 x 10 dynar t o  radoaa tho 
ORIGINAL PAGE n 
OF POOR QUALlW 
IIwre 5-15. A Y E ,  6 .  A i s  computed frm the equation 
(141 1 1 - ( A + 6 ) / 2 1 = 1 6  for the prrmeter b with range 0 to 1. A i s  
the acaled tether length (L/R) and 6 is the aimilrrly aoaled 
difference i n  height between the atation orbit and the pryload parking 
orbit. The ratio of t k d  actual solution A to the first-order 
approximation 6/7 i 8  plotted. 
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f i r s t  t e n s i o n  mrximum). The system reaches  a  s t a t e  o f  v i r t u a l  
e q u i l i b r i u m  i n  about  s i x  minutes and t h e  maximum t e n s i o n  reached,  
8  
about  2.15 I 10 dynes, i s  only  about  28% above f i n a l  e q u i l i b r i u m  and 
67% of  t h e  maximum i n  t h e  undamped case .  
For f u t u r e  comparisons,  t h e  damped case  of  F i g u r e  5-17 i s  p l o t t e d  
t o  a  d i f f e r e n t  s c a l e  i n  F igu re  5-18. F igu re  5-18(a) shows t h e  t e n s i o n  
vs .  t ime w l i l e  F igu re  5-18(b) i s  a  s i d e - v i e r  p l o t  ( r a d i a l  v s .  in-plane 
components) of  t h e  t e t h e r  s t a t e  a t  two-second i n t e r v a l s ,  w i t h  t h e  
spacing between mass p o i n t s  reduced t o  1 / 2  k a  t o  emphasize t h e  
motions.  Without t h i s  s c a l e  expans ion ,  F igu re  5-18(b) would appear  a s  
a  mot i o n l e s s  "p i cke t  f encew.  
It would be d e s i r a b l e  t o  reduce t h e  t e n s i o n  overshoot  from t h a t  
found f o r  t h e  s imple damping-at-acquisi t ion c a s e .  A s  a  f i r s t  
approach,  t h e  damping a l g o r i t h m  was tu rned  on b e f o r e  a c q u i s i t i o n ,  
a l lowing i t  t 3  i n c r e a s e  t h e  t e n s i o n  somewhat. The t e n s i o n  v s .  t ime 
p l o t  f o r  such a  run ,  w i t h  t h e  damper i n i t i a l i z e d  ;+ t = 9 and t h e  
payload acqu i r ed  a t  t = 9 seconds,  i s  shown i n  F igu re  5-19. The 
damping behav io r  i s  s o b s t a n t i a l l y  improved and t h e  maximum t e n s i o n  i s  
8 8 
on ly  1.95 x  10 dynes,  169  above t h e  e q u i l i b r i u m  of 1.68 x  10 dynes,  
8 
compared t o  2.15 x 10  dynes f o r  t h e  s imple damping case .  
Unfo r tuna te ly ,  t h i s  method i s  no t  v e r y  s t a b l e :  F i g u r e  5-20 shows a 
case  i n  which n c q u i s i t i o n  d i d  no t  occur  u n t i l  2 0  seconds a f t e r  t he  
damper was i n i t i a : i z e d  a t  t = S  sec .  The t e n s i o n  plummets a f t e r  about  
10 seconds of damping and t h e  t e t h e r  goes s l a c k  soon a f t e r  
a c q u i s i t i o n .  These two examples show t h a t  t h e  peak t e n s i o n .  hence t!le 
t e t h e r  s t r e n g t h  needed, can be rednced by s u i t a b l e  p r e - a c q u i s i t i o n  
maneuver, but  t h a t  s l i g h t  changes i n  t h e  maneuver can have d r a s t i c  
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T I M E  
Fiuurn 5-19.  Poet-aaquisition tendon variations are reduced by 
turning on t h e  act ive  damper at t = 0 and delaying acquisition until t 
9 decond~. 
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F i k :  *u 5-20. Tension ve. time when tho payload is not acquired 
urr t i l  20 mconds after tho damper l a  otarted ( a t  t - 5 neconds). The 
tonnlon had already begun t o  decrease when acqui8ition ocourred and 
want alaok a t  t = 3 1  moonda. (Note the expanded time scale i n  t h i s  
p ~ o t * )  
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o f f o c t s .  Rxper imenta t ion  w i t h  a  f i x o d  s i n u s o i d  maneuver, a s  used  i n  
t h e  p r e v i o u s  r e l e a r e  r t u d i e r ,  woold be wor thwhi le .  Thin  s i t u a t i o n  
woold p robab ly  b e  l e s s  s e n s i t i v e  t h a n  t h o  oso  of t h e  a c t i v e  damping 
r l ~ o r i t h m  t o  g e n o r r t e  t h e  mrnoovor, 
Thr payload t r a n s f e r  o r b i t  i s  l i k e l y  t o  be  r l i g h t l y  i n  e r r o r ,  s o  
t h r t  t h o  t r t h e r  w i l l  s u f f e r  a d d i t i o n a l  d i s t u r b a n c e  due e i t h e r  t o  
maneuvering o f  t h e  t r l e o p e r r t o t  o r  t o  a o q u i s i t i o n  o f  t h e  payload  w i t h  
a  non-zero v e l o o i t y .  S e v e r a l  o r s e a  were run  i n  whioh t h e  payload  had 
a nmaI1 r e s i d u a l  v e l o o i t y  ( 3  n see-') a t  a c g u i a i t i o n  and w i t h  t h e  
v e l a c  i t y  v e c t o r  i n  v a r i o u s  d i r e c t  i ons .  The t e n s i o n  and side-view 
p l o t s  a r e  ~ i v e n  i n  P i p r o  5-21 ! v e l o c i t y  in-plane)  and F i g u r e  5-22 
( v e l o c i t y  out -of -p lane) .  We a l a o  rbow t h e  f ron t -v i ew  ( i . e .  r a d i a l  v r .  
oa t -of -p lane  oomponents) i n  P i ~ u r e  5-23 [ v e l o o i t y  r a d i a l ,  d i r e o t e d  
awry from tho ~ t a t i o a )  and F igu re  5-24 ( v e l o o i t y  r a d i r l ,  d i r e c t e d  
toward t h o  s t a t i o n ) .  I n  a l l  o f  t h e s e  ca se8  t h e  payload was a o q u i r c d  
and t h e  damper i n i t i a t e d  a t  t - 0 .  Also,  t h e  r a d i r l  component s c a l e s  
i n  a l l  o r s r r  a r e  expanded by a  f a c t o r  of  about  18 t o  show t h e  mot ion  
o l e a r l y .  
The fundamental l e a son  o f  t h e s e  c a s e s  is  t h a t  t h e  s i t u a t i o n  i s  
s t a b l e  and t h e  dampin8 r l ~ o r i t h m  i s  a b l e  t o  oope a d e q u a t e l y  w i t h  t h e s e  
d l s t u r b a n c e ~  e r  w e l l  a s  t h e  s imple  requisition w i t h  z e r o  r e l a t i v e  
v e l o o i t y .  
Tbe t o t h e r  response  i n  a l l  c a s o s  i n  muah a s  oxpeoted.  The 
t e n s i c n  renponse i a  t h o  in-p l rno  and out -of -p lane  o a s o r ,  Fi.gurcs 
S-21(r )  and 5 -22 (a ) ,  i r  v e r y  c l o s e  t o  t h a t  i n  t h e  ze ro -ve loo i ty  c a s e ,  
F igu re  5-18(a 1 ,  which i s  unde r s t andab le  s i n c e  t d n a i o n  i s  f o r c e  a long  
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t h e  t e t h e r .  Tn t h e s e  two o a s e s ,  s u b s t a n t i a l  swinging of  t h e  t e t h e r  i s  
reen ,  P i ~ u r e s  5-2 l (b)  and F i g u r e  3-22(b) ,  i n  t h e  d i r 3 c t i o n  expec ted .  
When t h e  v a l o c i t y  i a  r a d i a l ,  l i t t l e  r w i n ~ i n ~  of t h e  t e t h e r  i r  r een ,  
F t s u r e r  5-23(b) and F i g u r e  5-24(b) ,  but  t ho  t e n r i o n  responae  i r  
r ~ b r t a n t i a l l y  d i f f e r e n t  from t h e  z e r o  v e l o c i t y  c a s e .  With t h e  
v e l o o i t y  away-from-stat ion,  t h e  i n i t  i a l  bounce i s  s u b a t a n t i a l l y  h ighor  
8  (2.55 x  1 0  dynes. compared t o  2.15);  w h i l e  w i th  v e l o o i t y  toward 
8 
a t a t i o n ,  t h e  t o n s i o n  peak i s  romewhat lower (2.05 x 1 0  dynes) .  T h i s  
r u b r t a n t i a l  i n c r e a r e  i n  t e n a i o n  wi th  3 q 1.0-I velocity 
awry-from-stat ion i n d i o a t e r  t h a t  t h i s  d i r e c t i o n  i s  o l e a r l y  l e s s  
d e r i r a h l e .  
'Pho vo loo i ty - toward - r t a t  ion  o s s e  ( F i g u r e  5-24) shows a  b r i e f  
i n i t i a l  p e r i o d  of about  6 reoondr when t h e  t e t h e r  segment n e a r e s t  t h e  
payload #oe r  s l aok .  T h i s  i r  r a t h e r  s u r p r i s i n g  s i n c e  t e n s i o n  
d i r t u r b a n o e a  p r o p a t p t e  through t h e  t e t h e r  v e r y  r a p i d l y  compared t o  t h e  
- 1 3 m roo a o q u i r i t  ion  ve loo  i t y  ( r o e  F i g u r e  5-20) i n  which t h e  f  in81  
regmoat, a t  40 km d i s t a n o e ,  showr r u b s t a n t i a l  r e sponse  #. mere 5  
seoonds a f t e r  t h e  damper i s  i n i t i a t e d .  The r l s c k  r e sponse  i s  p robab ly  
an a r t i f o c t  of the  lumped mass model used.  T h i s  should  be exp lo red  by 
o h n n ~ i n g  t h o  number of  mars p o i n t s  t o  r e e  i f  i t  i s  o n l y  t h e  outermost  
negsont which goea r l aok  i n  a l l  c a r e s .  The impact of a 
cons tan t -ve loo  t t y  ram on a  one-dimensional t e t h e r  cou ld  n l s o  be 
i n v o r t i # a t e b  t h e o r o t i o a l l y .  
Ono c o u n t e r - i n t o i t  i v e  response  o f  t h e  t e t h e r  i s  i l l u s t r a t e d  i n  
F i8oros  5-18(b) ,  F i # u r e  5-23(b) ,  and F i g u r e  5-24(b) f o r  t h e  
ze ro -ve loo i ty ,  away-ffom-station and toward-s ta t  i on  c a s e s ,  
r e s p e o t i v e l y .  Wben t h e  e x t r a  mass i s  a t t a c h e d  t o  t h e  t e t h e r ,  
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i c c r e a s i n g  the  t e n s i o n ,  t h e  expected  r e sponse ,  a t  l e a s t  i n i t i a l l y .  i s  
f o r  t h e  t e t h e r  l enq th  t o  i n c r e a s e .  I n s t e a d ,  it d e c r e a s e s  ( b a t  no t6  
t h a t  t ho  mas8 o l o s e s t  t o  t h e  s t a t i o n  i n i t i a l l y  mover f a r t h e r  from i t ) .  
T h i s  i s  even more pronounced i n  F i l u r e  5-23(b) where t h e  v e l o c i t y  war 
d i r e c t e d  s o  a s  t o  s t r e t o h  t h e  t e t h e r .  While when t h e  v e l o c i t y  a t  
a c q u i s i t i o n  rhould have oomptossed t h e  t e t h e r  ( F i g u r e  5-23(b) ,  i n s t e a d  
i t  r r rpondad by l en# then in8 .  T h i s  probably  repreaen:s an i n t e r a c t i o n  
wi th  the  motive damping meohanism and r e q u i r e s  f u r t h e r  s tudy  t o  be 
understood more o l s a r l y .  
To summrrize, t hese  r t a d i e r  have shorn  t h a t  payload a c q u i s i t i o n  
by 8 t e t h e r  deployed downward from a  Space S t a t i o n  in  h igh  o r b i t  i s  
f r a s i b l e ,  t b r t  t h e  dampin8 a l g o r i t h m  d e s a t i b e d  i n  p r e v i o u s  r e p o r t s  
r o f f i o r r  t o  rodoae t h e  i n i t i a l  t s a r i o n  i n c r e a s e  and e l i m i n a t e  t e n s i o n  
o r o i l l a t i o n r  w i t h i n  a  few minutes ,  and t h a t  t h e  procedure  i s  s t a b l e  
a a a i n s t  r o q u i a i t i o n  wi th  nou-zero r e l a t i u e  v e l o o i t y .  Rut f u r t h e r  
i n v r r t i # a t i o n  i r  i n d i a a t e d  t o  develop  p r o - a c q a i r i t i o a  manenvors t o  
roduoo tho  t e n s i o a  bouaoe, t o  r e s o l v e  t h e  q u e s t i o n  of  whether  t h e  
t e t h e r  a o t u r l l y  does  80 r l r o k  i f  t h e  payload i s  acqu i r ed  w i t h  a  
v c l o o i t y  toward t h e  r t a t i o n ,  and t o  unders tand  some of  t h e  puzz l ing  
syrtom re sponses  on a  o l e a r  and i n t u i t i v e  l e v e l .  
I n  t h i s  s e c t i o n  wo c o n r i d e r  t h e  g e n e r a l  problem of o r b i t  change 
und c o n t r o l  by vary ing  the  shape of a  s p a c e o r a f t  by i n t e r n a l  f o r c e s .  
T h i s  door not  mean t h a t  e x t e r n a l  f o r c e r  a r e  n o t  o p e r a t i n g .  The 
e x t e r n a l  f i e l d  remains Newtonian bu t  t h e  g r a v i t y  ~ r a d i e n t  f o r c e s  
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oombined wi th  the  nhape v a r i a t i o n  of  t h e  s p a a e c r a f t  oause a  v a r i a t i o n  
o f  t h e  t o t a l  fo rce  a c t i n g  on t h e  center-of-mars and,  t h e r e f o r e ,  l ause  
a  v r t i a t i o a  i n  t h e  o r b i t .  S lnoe  the  e x t e r n a l  f o r c e r  a r e  c e n t r a l .  the  
t o t a l  a n p l a  momentum doer no t  change. What may change i s  t h e  
o t b i t a l  e a e t # y ,  whioh may e i t h e r  i n c r e a r e  o r  d e c r e a s e .  
3.4.2  T e t h e t  Model f o r  O r b i t a l  Pumping Study 
Here i r  a  v e r y  r i m p l r  mechanical  ryrtern f o r  modell ing t h e  
meohanirm wo in t end  t o  investigate. 
Consider  two equa l  mar re r  m a t  t h o  end o f  a  t e t h e r  i n  o r b i t :  a 
dumbbell ( l e e  F igu re  5-25].  The a n a l y t i c a l  model of t he  t e t h e r  i s  
arrumed t o  have t h e  c h a r a o t e t i r t i a s  o f  a  b a r  capab le  of w i t h r t r n d i n g  
oamptosrion a r  we11 a8  t e n r i o n .  In  r e a l i t y ,  we a r e  i n t e r e s t e d  o n l y  i n  
t h e  t o t h e r e d  "dumbbell" o o n f i g u r a t i o n  and, t h e r e f o r e ,  on ly  i n  one 
o f a r r  of  i t 8  p o r r i b l e  moveaentr- t hose  f o r  whioh t h e  t e t h e r  i s  always 
i n  t e n r i o n .  I f  t h e  o r b i t  i s  e q u a t o r i a l  (about  an  asymmetric p r imary  
body) o r  i f  t h e  pr imary  i s  s p h e r i o a l ,  t h e  e x t e r n a l  f o r c e s  on t h e  
dumbbell a r e  o o o t r a l  and consequen t ly  t h o  t o t a l  a n g u l a r  momontom of 
t h o  rpaooora f t  i r  p re re rved .  If a  and e  a r e  t h e  semimajor a x i s  and 
o c u o n t r i c l t y  o f  t h e  o r b i t  o f  t ho  c a n t e r  o f  mass, we hsvc t h a t  i n  any 
evolutionary motion whjoh doeu not  e f f e c t  t he  o r b i t a l  r n g u l a r  momentum 
I f  by i n t e r n a l  c o n t r o l  we ahange t h e  o r b i t a l  enerBy, which i s  t o  say ,  
t h e  remimajor a x i s  a ,  we a l s o  change e.  I f  a  i n c r e a e e s ,  e  a l s o  
i n c r e a s e r ,  and v i c e  v e r s a .  From 1) i t  i t  c l e a r  t h a t  a *  i s  t h e  minimum 
va luo  of  tho  remimajor n x i r  o f  t he  o r b i t  and co r re sponds  t o  A c i r c u l a r  
F i r  2 Co-ordinate relationship i n  dumbbell confi~uratlon 
uaed i n  orbital pumping study. 
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o r b i t .  N a t o r r l l y ,  a* i r  tho remi la to r  reotum of any o r b i t .  
U o o r i r t i o r l l y ,  rhoo t h e  dumbbell i r  i n  o r b i t .  f r e e  and foroed 
l i b t a t i o n r  rill oooor. We arrume t h a t  tho t o a r i o n  i n  t h e  t e t h e r  never  
Boor t o  roro .  A8 r n  example, l o t  o r  a r r m e  t h a t  t h e  o r b i t  has  small  
o o o e n t r f o i t y  and t h a t  tho l i b r a t i o n  rmpl i toder  a r e  rmr l l .  The t e t h e r  
t r  r lmort  alwayr r l i p o d  wi th  t h e  r a d i a l  d i r e c t i o n ,  When t h e  ryrtem 
i n  a t  por i8eo,  tho tonr ion  i n  the  t e t h e r  i s  r o u ~ h l y  ~ i v e n  by: 
T f  22  i a  tho l o n l t h  of tho t a t h e r ,  when 
t e n r i o n  i a  
(2 )  
tho ryrtem i s  a t  apoBee t h e  
I f  r o  l e t  a  r e p ~ e n t  bz of t e t h e r  bo p o l l e d  out  a t  p e r i l e e  by t h e  
# r r v i t y  8 rad ion t  t o a r i o n  a g a i n s t  tho torque of  an e l e o t r i o  & e n e r a t o r  
and we p o l l  i n  wi th  tho rrmo motor a t  apogee o x p l o i t i n ~  the  genera to r  
power f o r  r e o y c l i n ~  tho  rase  t e t h e r  re#mont, r e  w i l l  have t ranrformed 
o r b i t a l  enorgy i n t o  o l o o t r i o  energy ( f o r  oxample) o r  i n t o  thermal 
o n o r ~ y  a p p r o r i m t o l y  oqoal t o  
which may be w r i t t e n  
Slncs  the o r b i t a l  e a e r ~ y  i s  p /2r ,  when the  e c c e n t r i c i t y  i s  pass in8  
from 0 t o  o, whi le  t h e  r n a u l a r  momentum i s  preserved,  t h e  v a r i a t i o n  of  
oaorfiy i r  
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Theroforo,  f o r  rmr l l  e o o o n t r i o i t i e r ,  t h e  f r r o t i o n r l  v r r i r t i o n  p e r  
o r b i t  i r  obtained by d iv id ing  5 )  by 6 ) .  We l e t  
f n  p r r t i o u l r r  f o r  r = 100 km, Az - 20 km, r = 7000, e  = 0.03. 
Notioo t h a t  t h i r  l r r t  v r l o e  oorrespondr t o  the  va lue  0.03 of e. 
Thetofore ,  r ince  t h e  f r r o t i o e a l  v r r i r t i o n  of energy per  o r b i t  i s  
i n v a r r r l y  g r o p o r t i o n r l  t o  r tho procesr  i r  not  uaiform. 
I n  f r o t ,  we a r y  w r i t e ,  from 1) 
A8 
- - -2eAe E l o r b i t  = 18 e  * z b r l o r b t t  
o r b i t  8 * 
a* 
2  
Az. z Aolorbi t  = 18 -
8 e2 
Whtla o tho t  p e r t a r b r t i o n s  may give  rhor t  pe r iod ic  v a r i a t i o n s ,  the  
r tmorphario d r r 8  i s  deore r r ing  the  s p r o e c r r f t  o r b i t a l  oner ly  and 
r n g o l r r  moarotum. As r f i r r t  r p p r o x ~ m r t i o n ,  f o r  rmr l l  e o c e a t r i o i t i e s  
tho  v r r i r t i o a  p e r  o r b i t  of  t h e  ener ly  i s  l i v e n  by 
2 5 - 2n r  Ap(r)v (8) 
o r b i t  2 
while tho v r r i r t i o n  of the  r n g o l r r  momentum i r  l i v e n  by 
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C~ 2 A l l o r b i t  - - r Ap(r )v  ( a ) T  (13) 2 
S i n o r  f o r  r c i r o o l r r  o r b i t  
from 61, rnd  12 ' ) we have 
Aen/orbi t  I 2CDnAp(r)a 
ARO 2 ( 1 5 )  
Q 1 6  
7 2 6 L C  we r a s u r o  A - lo6-10 om . C, - 2.2. m - 100 x 10 ~ r r m s .  r = 7000 
1 0 ~  J ,  . d5 &rrms/oa  3 , o  - 0.01, we have 
t o  ba ooapr rad  w i t h  8 ) .  
S i m i l a r l y  
Vor n dumhbel l sysLom f l y i n g  in8 ide  
atmowphoria d r a l  I n  probably n e a l i a  
1 0 - ~  
t h e  range of 400 t o  1000 
i h l e  f o r  a  r o r l l s t i c  conf 
km, t h e  
i g u r r  t  ion 
o f  the  systom. The p r e s e n t  t rohn ique  i n  t h i s  s i t u a t i o n  may t h e r e f o r d  
bo o a r l o l  i n  a o n t r o l l i a ~  t h a  o r b i t a l  o l rmen t s  r and e  i n  t h e  p r e s e ~ c e  
o f  small  r tmosphe t io  d r r 6  and any o t b r t  smal l  p e r t u r b a t i o n s  such a s  
r r d  i r  t ton p r r a  a o r r  . 
5 .4 .3  A n r l y t i o r l  Modrl f o r  Numrriorl Simulat ion 
A numrr ior l  a imul r t ion  w i l l  l i v e  a l l  t h e  r l smenta  f o r  r  p r r o i a e  
r v r l o r t i o n  of the  teohniqor .  I n  tho f o l l m i n ~  p rz ra r rpha  wr n h r l l  
oona ld r r  r r r l r t i v e l y  a i m p l i f i r d  r n r l y t i o r l  model i n  o rde r  t o  be a b l e  
t o  perform r  p r r l i m i n r r y  ayatrm a n r l y a i a  r h i o h ,  however, w i l l  
e v r n t o r l l y  r e q o i r r  n o a e i i o r l  i n t e a r r t i o n  i n  t h e  moat i n t o r e a t i n g  o r a r a  
( l r r a r  r o o r n t r i o i t y )  . 
For r a t r b l i a h i n a  t h e  d i f f e r o n t i r l  equat ion8 of motion of t h e  
ayatrm of P i p r o  5-25. wr in t rodoor  t h e  fo l lowin8 t r a r r n a i r n  
o o o r d i n r t r a  8, r ,  1 ( r r r  Fimure 3-23). Ti we r l r o  oonsider  r a  r n  
iadrpendrnt  v r r i r b l r  tho l ena th  of the  t o t h e r  2 2  we may then connider 
t h e  f o u r  d r a r e e  of frrrdom ayatrm with  o o o r d i n r t r a  0 ,  r ,  6, z. 
We f i r s t  f i n d  tho k i n e t i c  energy 
i n  C r r t r a i r n  o o o r d i n r t r a  and i n  L r a r r n # i r n  o o o r d i n r t r  r  
The t o r o r  funot ion of the  o e n t r r l  f i e l d  of a r r v i t r t i o a r l  f o i o r  
o r n t r r r d  i n  0 l a  
I f  t h e  t r t h a r  i a  v i a o o r l r a t i o  we have two more f o r c i ~ a  f u a o t i o n s ,  tho  
r l r a t  i o  f o r c e  funot ion: 
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Othr r  fo roor  ooold bo app l ied  t o  t h e  ryrtem such a s  aerodynamio 
foroor ,  r a d i a t i o n  p ressure ,  and p o s s i b l y  e leotrodynanio fo roer ;  
however, we w i l l  t ake  i n  ooor ide ra t ion  i n  t h i r  p re l iminary  model on ly  
tho  fo roer  we have l i r t e d  above. N a t u r r l l y  t h e  model inolodes  t h e  
oas r  of o o a t r o l l a b l o  lonfith Az of tho oab le .  T h i s  c o n t r o l  w i l l  imply 
i a t o r a a l  fo roor ,  and r e l a t e d  work, and exchanae of enerfiy between 
o r b i t a l  and r o t a t i o n a l  eneray and i n t e r n a l  onergy of the  ryrtem. 
Control  fo rces  may be a l r o  inoladed e x p l i c i t l y .  I n  p a r t i o a l a r  
two equal and oppori to  foroes  may be app l ied  t o  PI and P2. The 
o o r r r r p o n d i n ~  work may be w r i t t e n  
where f i s  the  lona i tud ina l  and r t h e  t r a n s v e r s a l  component. I f  r = 0 
the re  i s  no v a r i a t i o n  of a n g o l r r  momentum of the  ryrtem, L imi t ins  
o o r r e l f  t o  the  to roes  explicitly oonridered we may w r i t e  the  
L a g r a n ~ i r n  equation of motion 
(II Ill Z m Z  2 2 -  - !J! = -2~- + 3 ~ -  - 9 q -  oor t~ 8 r r r 
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We oonr ide r  i n  t h e  prr?tnP paragraph aomr r p e o i f i c  o a r e r .  F i r s t  
r e  oonr ide r  t h e  8implert  o r r e  r -0, k = and t h e r e f o r e  
a = t oonr tan t .  The ryrtom 23)  beoomer 
0 
This  d i f f e r e n t i a l  ryrtem a o d r l r  the  drag-f ree  r i g i d  dumbbell. I n  
p a r t i o u l a r ,  the  ooupling between l i b r a t i o n  of t h e  dumbbell and o r b i t a l  
motion of the c e n t e r  of g r a v i t y  appear e x p l i c i t l y .  I f  zO2 < <  r o t  wr 
may deoouple the  ryatem and using p e r t u r b a t  ion techniques  s tudy i n  
f i r r t  approximation how the  motion of t h e  dumbbell about i t s  
oenter-of-gravi ty  e f f e o t s  t h e  motion of  0.8. and v i c e  v e r s a .  I n  t h e  
aeoond o r r e ,  re c o n t r o l  6 t o  t h e  value  6 = 0 ,  npplyinr  two oppos i t e  
I t  i s  evident  i n  t h i s  c a m  t h a t  t h e  t o t a l  a u g u l r r  momentum i s  n o t  
proserved ( s e e  equat ion 23 .2 ) .  Ve t r e t t  t h i s  c a r e  he re  i n c i d e n t a l l y ;  
b u t  i t  i s  n a t u r a l  t h a t  even though the  t o t a l  o x t e r n a l  fo rce  i s  zero ,  
the  e x t e r n a l  torque i s  no t .  
TIU fo rce  24)  i r  amall only  i t  i and e ,  6 a r e  small .  NOW f o r  a  
lo* o r b i t  the  o rde r  of 0 = 10' r a d l r e o ,  t h e  order  of 6 i s  2eb2. 
Arsumiq = 10-20 d 8 e o  and l - 10-I t h e  acceleration i s  of the  o r d e r  
of lo-':, r h i o b  m a n r  t h a t  r my r raoh  value  of  lom3 m c ,  a  quit.  l a r g e  
foroe i a  p a r t  i c o l a r  i f  the  ryrtem ha8 t o  be opera ted f o r  long per iode 
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of tima while tha  l a n l t h  of the  t e t h e r  g is  o o a t r o l l r d .  
I n  t h i r  o r r a  t h e  a q u r t i o n r  of motion baooma 
and followin8 tha  Biaot formula, 
Sinor z i r  r oont ro l  fuao t ion  (of 8) tha  problem may be aolvod only  
nuaor ioa l ly  i n  tha  o r ro  of lrrnr e o o r n t r i o i t y  of the  r e f r r e n a e  o r b i t .  
Pot r a r l l  a o o c n t r i o i t y  on@ may one r p e r t u r b a t i o n  technique.  Wa 
1 I sume 
8qur t  ion 2 9 )  boaomrr 
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A l r n r r r l  nolut ion of t h i r  r q o r t t o n  c o a t r i a a  ( a )  a  c o n r t r n t  term 
Tho o o r r r o t i o n  on 9 rhould b r  dona r  p o r t e r t o r i  o o n r i d o r i n ~  251, 
r2h - Lo tho o o n s t r a t  a, W,  so r r r  p a r t  of t h e  oon t ro l  
funo t  ion. 
Thr t b t r d  more a r t o r r l  and r r r l i r t i o  orso i r  t o  have VO, 1-0. 
I n  t h i r  o r r r ,  tho r q o r t i o n r  broomr morr oorrplrx and t h r  model 
r r r r a b l r r  r  r r t e l l i t r  i n  o r b i t  r f f r o t e d  by t i d a l  r r i r e d  by t h r  primary 
on tho dumbboll. Tho dynrmiorl rqurt!.onr r r r  p r r o t i c r l l y  23) 
r h e r r  r-0 and t-0. For rahraoiaa  t b r  t i d a l  rl'frotm, the  r l r r t i o  
o o n r t r a t  k 18 mrdr vary m a l l  rod r a r i t i o r l  dampin8 o o n r t r n t  i s  
r r l r o t r d ,  
Wore o o r p l r x  i r  t h e  four th  o r r r  where l r a l t h  ohan8rr r r r  c o n t r o l l r d  by 
t88 l in8  opera t ion8 i n  r d d i t  ion t o  b r l a a  doe t o  v l r o o r  l r r t  i c  b rhrv io r .  
5.4.4 C o u e n t r  on Syrtem Rehrvior 
For a l l  four modelr oonridered above, only  numeriorl  i n t e g r a t i o n  
rill  give  i n t e r e r t i n l  r e r o l t r  i n  t h r  o r r e  of high e o o r n t r i o i t y  whioh 
r p p e r r r  t o  p o r r i b l y  o r o r i d e  romr new teobniqoer f o r  modifying t h e  
o r b i t r l  elemrntr  of the  0.8. by i n t r r n r l  f o r a e r .  For small  
e o o e n t r i a i t y  o r b i t r ,  when t h e  rtmorpherio drag i s  n e g l i g i b l e .  t h e  
t h i r d  o r s e  r-0, f-0 h r r  been d e a l t  wi th  in  r number of p r p e r r ,  t h e  
r o r t  importrnt  one i r  t h r  paper by P. Ooldreioh, "On t h e  E o o r n t r i o i t y  
of S a t e l l i t e  Orb i t8  in  the  S c l r r  Syrtrmw (0.R. of Royrl Artronomy 
dooiety ,  vol.  126, 1963, p.  3 5 7 ) .  In  t h a t  paper it i r  rhorn t h a t  f o r  
r  non-spinning r r t e l l i t e ,  in  our o r r e  t o r  r  l i b r r t i n g  dumbbell. the  
t i d e  r r i r e d  on t h e  r r t e l l i t e  m8y overoome t h e  e f f e c t  of t h e  t i d e  
r r i r e d  by the  r r t e l l i t e  on the  primary. U3ile the  former tends  t o  
d e a r e r r e  t h r  r o o e n t r i o i t y ,  t h r  l a t t e r  tend t o  inore r ro  i t .  For r 
l a rge  dumbbell. @van one of the r i t e  of r l r i g r  rpror  r t r t i o n ,  when 
the  d i r r i p r  t i o n  f r a t o r  i r  made l r r g r  enough, the  r o o e n t r i o i t y  w i l l  
o e r t r l n l y  deore r re  I f  r v  o o a t t o l  ryrtom i s  operr tod on t h r  dumbball. 
The equation o f  motion w i l l  be equation 2 3 )  whore we put r = f = 0 
and l r t  the  o r b i t  evolve under n r t u r r l  fo roer .  If the d i s s i p r t i v o  
t i d o  r r i r e d  by the  Ear th  on t h e  dumbbell i s  l r r g e  (smal l  r i g i d i t y  and 
l w  q u a l i t y  f r a t o r  of the  t e t h e r ,  o r  the  i n s e r t i o n  of r  rpring-drrhpot 
r y r t e e  wi th  p ropr r ly  derignod a h r r r o t e r i r t i o r )  we w i l l  get 
o i t c o l r r l r r t i o a  of t h r  o r b i t .  
For more o l r r i f i o r t i o n ,  r e  w i l l  oonr idar  r r r o n r n t  sp in -orb i t a l  
ooupl iag d i f f e r e n t  from oar-to-one rr t l o  (whioh a e r n r  r mot ion 
d i f f e r e a t  from t h r  dumbbell a r k i a g  one r o t r t l o a  rhd l i b r r t i o n  during 
onr revo to t lon) .  f k e  o o a r t r n t  r n g o l r r  DOmntw i s  r e l r t r d  t o  the rum 
of both t h r  o r b i t r l  and tbe  r p i a  r n a n l r r  momentum. The t i d e  r r i r e d  on 
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tho r a t e l l i t e  by the p lane t  w i l l  d i s s i p a t e  both  r o t a t i o n a l  energy and 
o r b i t a l  oneray. Sinoe the  r o t a t i o n a l  en r ray  i r  much rmal ler  than t h e  
o r b i t r l  eneray tha prooerr  w i l l  lead t o  teaonanor f i r s t ,  beoaure i n  
t h i s  r t a t e ,  r o t a t i o n a l  energy d i r a i p a t i o n  rill go t o  ze ro  o r  t o  a  
small v a l n r  r e l a t e d  t o  the  chrnaing of  o r b i t a l  per iod.  Therefure ,  
a t a r t i n g  with an eocen t r io  o r b i t  the  dumbbell rill f i r s t  s e t t l e  town 
on a  reronrnt  o r b i t  aad t h e r e a f t e r  the  o r b i t a l  energy rill deoreare  by 
enhanoed t i d a l  d i r s i p a t i o n  on the  r a t e l l i t e .  When t h e  e c o e n t r i o i t y  
and remi-major a x i s  deoreases,  the system may s h i f t  from a  h igher  t o  a  
lowor reroarnor .  The ryrtem w i l l  r a p i d l y  evolve if t h e  enhanced 
d i r r i p a t i o n  i s  opera t ing.  A numeriaal  i n t e g r a t i o n  exrmple i s  8iven 
below. The numerioal example w i l l  be l jmi ted  t o  r e l a t i v e l y  smal l  
rooen t r io  i t y  f o r  t e o h a i o r l  rearonr .  
In  p r i n o i p l e ,  a  dumbbell may be i n j e o t e d  on a h igh e c c e n t r i c i t y  
o r b i t ,  even tna l ly  i t  w i l l  1080 the  r o t a t i o n a l  angular  momentum and 
w i l l  r t r b i l i z e  on a  opin-orbi ta l  oonpling regime a s  doer the  p lane t  
Meroory ( r e e  Fiaure  3-26) and a 8  do a l l  r a t e l l i t e r .  Af te r  being 
lronohed in  an eooentr io  o r b i t ,  t he  dumbbell w i l l  s e t t l e  i n  a regime 
whore i t  wj11 make, during one o r b i t a l  pe r iod ,  an i n t e g e r  number of 
h a l f  ro ta t ion8  about an a x i r  o loro  t o  t h e  normal t o  t h e  o r b i t a l  p lane  
( o r  ooinoidln# with the  normal t o  t h e  o r b i t a l  p lane  i f  the  o r b i t  i s  
e q u r t o r l r l  or  p o l a r ) .  T h e r e r f t o r ,  the  t i d a l  evo lu t ion  w i l l  cause t h e  
e o o o a t r i o i t y  and tho remimajor a x i r  t o  decrease  while the  e a c e n t r i o i t y  
i r  deoreaaina.  The system r a y  go t h r o u t h  o t h e r  sp in  o r b i t r l  coupling 
teronanoer endia) in  a  f i n a l  s t age  wi th  the  dombbell r lwryr  a l igned  
r s d i r l l y  and moving i n  a  o i r o o l r r  o r b i t .  
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Figuro 5-26. A rough plannar sketch of the orientation of 
Merouryt8 axis of minimum moment of inertia, at  different points along 
l t o  orbit, given that tho rotational period i a  two-thirds of the 
orbital period and that t h i n  axis  i s  aligned with the Sun-planet 
veotor at  perihelion. 
5.4.5 Appl icr t  ion8 of Sprtem Behrvio' 'o O r b i t r l  T r r n r f e r  
In  pr ino i p l r ,  t h e  p rooar r  j u r t  desor ib rd  ooold be e f f i o i m t l y  
meohanizrd i n  r r p r o a o r r f t  on r  h igh ly  e o c e n t r i c  o r b i t .  I n  
p r r t i o u l r r ,  two e x r a p l r r  ooae t o  mind. The f i r s t  one oonoerns t h e  
t r r n r t e r  o r b i t  of r n  OTV ( r o e  Figure  5-27). One should examine i f  
t r a n s f a r  from QEO t o  l o r  E r r t h  o r b i t  might be rocomplished by t h e  
teohniqor of t i d r l  i n t e r r o t i o n  oombined perhaps wi th  atmospheric drag.  
S t a r t i n g  with a  t r a a r f e r  o r b i t  (6800 - 42000 km) t h e  e c c e n t r i c i t y  
bein8 ( 2 r  - 24490 km) e = 0.72, and a* = 24.400 (1-0.53) = 11.460. 
Without drag d i r r i p r t i o n ,  t h i n  r i l l  be t h e  rad ian  of  the  c i r c u l r r  
f i a r l  o r b i t  a f t e r  rrmovrl of energy from the  o r b i t  by t i d a l  e f f e c t s .  
The rxp!oi t r t ion of r r l r t i v e l y  low r tmorpher io  drag whtoh would not 
r e q o i r a  harvy thermrl  p r o t e o t i o n  may d r r s t i o 8 l l y  reduoe the  i n i t i a l  
remimajor r x i r  and speed up t h e  p rooer r  of  c i r o u l r r i z i o g  a t  low 
r l t i t o d a  i n  t h e  O W  parkin8 o r b i t .  
The reoond exampla may be given by t h e  c a p t u r e  i n  8 e o r t r t i o n r r y  
o r b i t  of r r p n c e o r r f t  from r high e a c e n t r i c i t y  o r b i t .  Na tu ra l ly ,  i f  
2 a *  - 42000 km, a(1- r  h r r  t o  be 42000 km r l r o ;  and, s i n c e  t h i s  i s  
the  r r m i l r t u r  rectum of the  o r b i t ,  the  p e r i g e e  a l t i t u d e  of the  
n t r r t i n g  o r b i t  rhould be l a r g e r  than 21000 km. t h a t  i r ,  one-half of 
fa  p r r t i o u l r r ,  i f  the  pe r igee  of t h e  o r b i t  i s  24000 km, the  
a o o e n t r i o i t y  and :he remimrjor r x i r  rhoold be 
I f  the p r r i g e e  i s  a t  23,000 La 
Fieurs 5-37. Orbital t ransfer  from GEO t o  LEO of o dumbbell OTV. 
I n i t i t ~ l l y ,  the aystem may oynohronize i n  G 9 :  1 resonance due t o  spin 
orbi ta l  coupling as shown. During the decay, or even from the 
boginning I f  tho charactdrist ics of the dumbbell and i n i t i a l  
nondltiona ars oorreot, t h e  dumbbell may low order resonances - 8 . S : l ,  
: 1 , ------ 1: 1, It w i l l  f ina l ly  aynchroniza i n  the 1: 1 apin orb i ta l  
coupling i n  t h o  f ina l  LEO orbi t  where t h e  re t r i eva l  t o  oo~pact  
conrigurstion w i l l  be performed. 
I f  t h e  po r igoe  i s  a t  22,500 
It  i r  appa ren t  t h a t ,  i f  t h e  apogee should  be  a t  t h e  Moon d i s t a n c e  f o r  
t r a n r f e r  from t h e  Moon t o  g e o s t a t i o n a r y  o r b i t ,  t h e  p e r i g e e  should  be 
around 22500-22600 km. 
F i a a l l y ,  i n  p r i n c i p l e .  i t  may be p o s s i b l e  t o  i n s e r t  a  dumbbell 
syrtem i n  ~ e o s t a t i o n a r y  o r b i t  by launching  t h e  complete system i n  a  
h i g h l y  e o o e n t r i o  o r b i t ,  and e i t h e r  by e x p l o i t a t i o n  of  t h e  Moon's 
g r a v i t y  f i o l d  o r  by a  smal l  ((200m/sec) Av, r a i s e  t h e  p e r i g e e  t o  t h e  
wanted v a l u e  and b r i n g  t h e  o r b i t  i n t o  t h e  e q u a t o r i a l  p l ane .  
We oomputed t h a t  w i thou t  Moon a s s i s t a n c e  we s t i l l  
main -600-700mlseo Av f o r  insert!ag t h e  # p a c e c r a f t  i n  r g e o s t r t i o n a r y  
o r b i t ,  oomparing r o l r r s i a a l  l runoh from t h e  E r r t e r n  T e s t  Range (ETR) 
w i t h  t h e  teohnique  o u t l i n e d  above. I t  h a s  t o  be n o t i c e d  t h a t  a  l a r g e  
p a r t  of t h e  energy  w i l l  be reoovered  du r ing  t h e  c i r o u l a r i z a t i o n .  T h i s  
may supply e l o o t r i o a l  energy  f o r  t h e  o p e r a t i o n .  N a t u r a l l y  one should  
be o r r e f u l  i n  c o n s i d e r i n g  t h e  time r e q u i r e d  f o r  d i s s i p a t i n g  t h e  
energy.  I t  s t r o n g l y  depends on t h e  d e s i g n  o f  t h e  spring-dashpot  
rystom a n d l o r  of  t ho  l e n a t h  of  t h e  t e t h e r  r e e l e d  o a t  a t  pe r i f i ee  and 
roe lod  i n  a t  apogee. 
As a  technique  f o r  t r a n s f e r r i n g  a  s p a c e c r a f t  from LEO t o  OEO w i t h  
t h e  aim of  saving energy  w i t h  r e s p e c t  t o  t h e  ene rgy  involved  i n  t h e  
a o t a a l  launch p roordure  from t h e  ETR, t h i s  t echn ique  is  v a l i d  when t h e  
mas, of t h e  ryatem i s  v e r y  l a r g e .  The b a s i o  element of t ho  t r a n s f e r  
i s  a  d i r r i p ~ t i o n  meohanism whioh abso rbs  o n e r ~ y  from t h e  o r b i t  which 
may be reoovered a s  o l e a t r i c  power. I n  l i n e  w i t h  what we have w r i t t e n  
abovo r e  want t o  use t h e  enhanced e f f e c t  of  t h e  t i d e  r a t r e d  by t h e  
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Earth  on the  spaeeora f t  t o  dooreare i t s  energy. T h i s  can be done 
p r s r i v e l y  o r  r o t  i v e l y  by proper  des ign of a spring-dashpot system and 
by p roper ly  o o n t r o l l i n ~  the  t ens ion  on tho t o t h e r  oonnecting t h e  two 
c r r # r c  and, t h e r e f o r e ,  it 8 l e n s t h .  
Let u r  s t a r t  wi th  a  rpaooor r f t  i n  r o i r o u l a r  parking o r b i t  a t  rn 
r l t i t u d o  a. ( t y p i c a l l y  a. - 220 km + Ro ( e q u s t o r i a l )  with an 
i n o l i n a t i o n  of  28' T .  and a  v e l o o i t y  vo c l o s e  t o  7.8 h l r e o  wi th  
an inoremental v e l o o i t y  
Alv = v 2; - - -1 
0 a  +I 
(32) 
0 
The spaceora f t  i n  i n s e r t e d  i n  a  t r a n s f e r  o r b i t  wi th  apogee T .  The 
v o l o o i t y  a t  apogee '5 i n  t h i s  Hohman t r a n s f e r  i s  
A t  apogco d i s t anoe  Z the  o i r o u l a r  v e l o o i t y  i s  
Suppose r o  want t o  r a i s e  the  pe r igee  of tho Bohman t r a n s f e r  o r b i t  and 
ohanla tho i n c l i n a t i o n  from 28' t o  0'. We need t o  b r i n g  t h e  magnitude 
of tho v e l o o i t y  veo to r  t o  the  va lue  
and i t r  o r i o n t a t i o n  i n  t h o  e q u a t o r i a l  p lane  ( s e e  Figure 5-28). 
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By t r i v i a l  oompotat ion we h r v r  
I f  we or11 a *  the  r r d i o r  of tho QBO o r b i t  and we want t o  t r a n s f e r  the  
r p r o e o r r f t  by t i d a l  e f f e o t  from the  o r b i t  wi th  pe r igee  and apogee ii' 
t o  OE0 r inoe the  r n g o l r r  momentum i r  preserved Z, and have t o  
r r t i r f y  the  following cond i t ion  
which mernr 
The r e l a t  ion 37)  i s  d i r e o t l y  deduced from 
T r r n r t r r r i n ~  the  r p r o e o r r f t  from the  o r b i t  ( i .5)  t o  a00 impl ier  a  
d i r r i p r t i o a  of enerny 
Aere p  i r  the  Rr r th  @ r a v i t r t i o n r l  c o n r t r n t  and M i s  the  mars of the  
r p r o e o r r f t .  I f  Z + 5 - la*) a s  r e  have rhorn, when we reduce the  
mapnitudo of  bvl + Av o r  t o  e x p l o i t  t h e  Moon g r a v i t y  a r r i r t r n c e  (5 + 2 
- 
p - 9 r * ) ,  the  amount of e n e r l y  t o  be d i r r i p r t e d  i s  more than one-half 
of the  t o t a l  e n e r l y  of the  r p r o r o r r f t  in  OEO, Now the  t o t a l  \ r b i t a l  
e n r r l y  in  OW of r  r p a o r o r r f t  of mars W i s  l i v e n  by Mpl2a* and, 
thore fo re ,  the o rde r  of ma#nitode of anergy t o  be d i s s i p a t e d  ranger  
between Mpllr* and Mpl2r*. A rough e v r l o r t i o n  g i v e r  i n  t h e  c a r e  of Z 
+ 5 - I r e  
Prom t h e r e  f i p o r e a  i t  
Prpe 145 
( 41 )  23000 joule /kp 
i s  o l o r r  t h r t  it 887 be d i f f i o o l t  t o  
imralno p r r o t i o r l  ayatem which ooold do tho job i n  r re raonrb le  time 
i n t r r v r l .  For e r rnp lo ,  raauain# r  Moon-rariated t r a n s f e r  o r b i t  8 s  r  
a t r r t i n p  o r b i t  f o r  e x p l o i t r t i o n  of enhanoed t i d a l  d i r r i p a t i o n  f o r  
o i r o o l r r i z r t i o a  t o  QEO: t h e  por iod of  tho f i r s t  o r b i t  w i l l  be of the  
o d o r  of 8-9 drya.  Sinoe t h e  i n i t i a l  por igee  5 of the  o r b i t  w i l l  be 
a t  tooahly  4 e r r t h  r r d i i ,  a t  pe r igee  praarpe  we mry depend upon some 
amount of enorpy d i a a i p r t i o n  pener r t ed  by t h e  t i d e  r r i a e d  r t  4 e r r t h  
r r d i i .  
In f;ot, aoppoae we , t a r t  wi th  r a p r o e c r r f t  of t h e  following 
pener r l  ahrpo ( m e  Fiaoro  5-29): 8 main a p r o e o r r f t  of mas8 M 
ooaneotod wi th  r  aooondrry aproeor r f t  wi th  a  ma88 of the  same o rder  of 
a r 8 n i t u d e  wi th  r  t e t h e r  of lenpth  22. We leave f o r  the  moment t h e  
problom of a t r b i l i z r t i o n  
mod, and t r y  t o  e a t i m r t a  
p r r v i t y  p r r d i o a t  foroo.  
of the  dpabbel l  on r sp in  o r b i t a l  ooupling 
tho mrrimum work whioh orn  be done by the  
Suppose 5-45,' t h e  p r r v i t y  f i e l d  r t  w i l l  be 
rh i lm tho a r r v i t y  8 r r d i o n t  foroe  w i l l  be 
Sinor  tho o r b i t  i a  very  oooen t r i c  and the  dumbbell i s  very  
olonar tod wo m y  raauao t h r t  the  r n ~ u l r r  v e l o o i t y  of the  dumbbell i s  
o l o r e  t o  the  o r b i t a l  r n ~ a l r t  v e l o o i t y  0 r t  p e r i # e e  when t h e  t ~ d e  of 
tho e a r t h  rill Loop the  nyatam o r i e n t e d  toward i t .  
HOCKEY 
DUMBELL 
PAY LOA D 
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Figure 5-29. Spacecraft oonf'igurations for orbital pumping. 
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I f  n  i r  t ha  morn motion of  t h e  0 . 8 ,  of t h e  d u a b b e l l  t ho  o r b i t a l  
r n ~ o l r r  v o l o o i t y  r t  po r igoe  i r  
whioh i n  the  o r r a  of  t h e  OTV-SIC i n  roughly  9n  and i n  t h e  o r r o  
oonnidarod of r l u n a r  r r r i n t e d  o r b i t  i s  o f  t h o  o r d e r  of  30n-31n. A t  
p r r i g o o  p r n r r g r  t h a  t o a r i o n  i n  t h e  t e t h e r  w i l l  be g iven  by  t h e  rum o f  
t h o  g t r v i t y  ~ r r d i e n t  f o r o e  (43) and t h e  d i t f o r o n t i r l  o e n t r i f u 8 r l  f o r c e  
and t i n o a  a  i r  o l o r o  t o  1 tho  t e n r i o n  w i l l  be o l o t e  t o  
T h i r  t e n r i o n  i s  roducod t o  roughly 112 of t h e  v r l o e  (47) v e r y  r a p i d l y  
when t h a  g r a v i t y  g r a d i e n t  i r  no  longe r  o p a r r t i n s  and o n l y  t h e  
o * n t r i f o @ r l  fo roo  i s  koaping t h e  nystom i n  t e n s i o n .  
The r o r k  r h i o h  o rn  bo done by t h e  g t r v i t y  g r a d i e n t  p e r  o r b i t  i n  e q u a l  
t o  t h e  o l o n g r t i o n  Az of t ho  t o t h o r  r t  p o r i g e e  m u l t i p l i e d  by  1 / 2 r *  an 
l i v e n  by ( 4 7 ) .  I n  f r o t ,  t h e  r o r k  t o  r e t r i e v e  t h e  rrme h e i g b t  o f  
t o t h e r  r t  p o t i g e a  i n  dona r @ r i n r t  t ha  o e n t r i f u g r l  f o r c e  (due t o  t ho  
r o t r t  t o n a l  motion o f  t ha  duabbo l l )  w i t h  r n  r n g u l r r  v e l o c i t y  whioh 
ramrinr  r l m o r t  oon8 t rn t  from por igoe  t o  rpo loa .  The mrximum v r l u o  of  
t h e  work d i n r i p r t o d  p a r  o r b i t  i n  g ivon by: 
On tho  o t h o r  hand, t h e  amount of  oneray  d i r r i p r t e d  i n  t r r n f e r r i n a  
t h o  oyotom from t h e  r o o o n t r i o  o r b i t  t o  t h e  OW o r b i t  i n  r l m o r t  twioe  
t h e  v r l o o  8 iven  by (41) t h a t  i n  40000 j o o l o / k ~ .  An o v r l u r t i o n  o f  (49) 
3 givoo 10 joolo /ka ,  no t  an  o n r e r r o n r b l e  v r l o o  when comprrod w i t h  t h o  
t o t a l  onor47 t o  bo d i o r i p r t o d .  
Thin  oxrmplo rhowr t h r t  t h e  p r o o e r r  m y  work. I n  p r r t i o u l r r  i t  
m y  bo mart r p p l i o r b l c  t o  r ry r t rm of  3080 l i n o r r  d imear ion  and i f  r 
r o l r t i v e l y  lona t ime r o r l r  o f  t ho  p r o o e r r  o r n  be r soep ted .  
I n  oono lo r ion ,  p r o b r b l y  t h o  most i n t o r o r t i n g  p r r c t i o r l  
r p p l i o r t i o n r  of  t h e r e  o r b i t r l  pumping t eohn iqoe r  r i l l  be f o r  
o i r o o l r r i r i n ~  r m r l l  e o o o n t r i o i t y  o r b i t s  and f o r  he lp inn  t o  o i r c o l r r i z e  
r n  o r b i t  p r i o r  t o  r e e n t r y  of  r n  OTV i n  pa rk ina  o r b i t  from Bohmrn 
t r r n r f o r .  There  two or808 reom t o  de re rve  p r r t i o u l r r  r t t e ~ t i o n .  But 
no ohould not ~ x c l u d o  t h o  p o r r i b i l i t y  t h r t  f u r t h e r  s tudy  of  t h e r e  
phenomena s o u l d  no t  l o r d  t o  o t h e r  u r e f o l  o r b i t r l  t r r a r f e r  t echn ique r .  
9.4.6 Nuner ior l  3 i m n l r t i o n  R o r u l t r  
' h o  o r r e n  r a r e  r i m o l r t e d  us ing  SI(YAOOK, one wi th  r lo* 
o o o e n t r i o i t y  (o  = 0.036 i n i t i a l l y )  and modorrto r l t i t o d o  (400 t o  900 
km). t ho  rooond w i t h  h i a h  o o o e n t r i o i t y  ( e  - 0.72) and h i g h  a l t i t u d e  
W o  equal  marnor were noed, i n i t i a l l y  r r p r r r t e d  by 100 
3KYIKH)f modof orod on ly  t h e r o  two mroror and no d i r o r e t  i z a t  
km; t h e  
ion o f  t h e  
t r t h a r .  In  o r d e r  t o  o ro  e x i n t i n 8  r o f t r r r e  f o r  8 e n e r r t i n g  i n i t i a l  
o o n d i t  loam, t b e  r i r o l r t  l oo r  wore braon 90' r l o n a  o r b i t  from p e r i l o r  
and i n  n e u t r a l  l i b r r t i o n ,  t h a t  i n ,  r t r r i a h t  up and r o t a t i n g  r t  t ho  
rrme r a t e  r r  t h e  o r b i t r l  r r d i o r  v o o t o r ,  
Thr t e t h e r  o h a r r o t e r i r t i c r  were de termined r o  t h a t  ( I )  t h r  
n a t u r a l  f r r q o r o c y  c f  t h r  l o n g i t u d i n a l  t r t h r r l m a r r  v i b r a t i o n s  wore t h r  
same 88 t h r  o r b i t a l  p r r i o d  ( i . r .  r r r o n a n t )  and (2 )  t h r  t r t h r r / m a r r  
r y r t m  war o r i t i o a l l y  damped t o  enhaaoe r n r r g y  t r a u s f r r .  
Tbo r e r u l t a  i n  t h e  h igh  r o c e n t r i o i t y  o r b i t ,  a l t hough  o o n t a i n i n g  
t e r t u r r m  r t p r o t r d  from tho  theo ry ,  were c o n f u r i n #  and do@ t o  tima rod  
funding o o n r t r a  i n t r ,  r r  wrrr unablo t o  f u l l y  i n v e r t  i g a t c  t h e  o a n r e r  
f o r  t h r s e  i n a o n a i r t m t  r r r o l t r .  Wort l i k e l y ,  t h e  problem l i r a  i n  t h e  
wry t h i r  run war a r t  up r i n c r  t h e  agreement b r t w r r n  t h r  t h e o r y  and tho  
mod01 war r x a r l l r n t  i n  t h e  low e c o o n t r i o i t y  o r r e .  
Thr r e r o l t r  of t b r  low r o c r n t r i o i t y  s tudy ,  whioh r a n  f o r  about  22 
o r b i t s ,  arm o o n a i s t r a t  w i t h  t h e  t h e o r y  o u t l i n e d  rbovr .  Prom t h e  
S U Y R O t  o u t p u t ,  r v r r i r t y  of  p a r a m r t e r s  of t h e  center-of-mass o r b i t ,  
r r  w a l l  an tho  t r t h r r  l e n g t h  and l i b r a t i o n  a n g l r  of  t h e  ryr t rm.  ware 
o o ~ p u t r d  and p t i n t r d .  
Thr r o o e a t t i c i t y  and semi-major a r i a  rhowed t h e  expected  
behav io r ;  a  p e r i o d i o  ( a t  t h r  o r b i t a l  p e r i o d )  component rup r r impor rd  
on r r r o u l r r  d e o r e r r r .  The r c o r n t r i o i t y  t r  rhown i n  F i g u r e  5-30, 
where bo th  tha  p e r i o d i o  ad  r r o u l a r  t r t b r  a r e  c l e a r .  
For r more q u a n t i t a t i v e  d i r c o r s i o n ,  o o n r i d o r  t h o  r e s u l t s  f o r  one 
2 p a r t i o o l r r  o r b i t .  Apply r q o r t i o n  11) above, A r l o r b i t  = -9 Az .z l r  , 
and oomprrr t h i s  t o  t h e  o b r e r v r d  change ia e o c r n t r i c i t y .  For o r b i t  5 ,  
t h e  t e t h e r  length  ( r e p a r a t i o n  o f  a a r r r r r )  i s  rhown in F i8u re  5-318, 
t ho  m i n i a w  r a d  naximua a r e  R9.86 and 108.22 km. The o o c e n t r i a i t y  a t  
auoorsrLvo )oaks s r a  0.035142 rud  0.034994, g i v i n #  A@ = -1.48 x  lo-'. 
To app ly  11). r r o r l l  t h a t  r i r  lulf t h r  t r t h r r  l e n ~ t h  wh i l e  Ar i s  t h e  
amoaut of  tho  inorearm o r  d e c r r a r r .  Thus we o r e  t h r  ave rage  2 %  = 
(89.86 + 108.22)IZ o r  z  = 49.52 km, and Az = 108.32 - 89.86 = 18.36 
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Figure 5-30. Eooentrlcfty of the center-of-mass orbit v s .  the 
orbltrl pharr (true rnomaly/2n). A oriticrlly damped dumbbell 
oonf i(urrt1on. with omillrtory frequenoy tuned to the orbit, i r  
allowed to evolve. converting orbitrl e.wrW to internai (0.g. 
thermal) ewrgy, a iroul8r ir ; i~  the orbit, The numeria81 simul8tion 
wrb mrdr with SKYHOOK. 
ORBIT PHASE 
Figurc 5-31 ( a ) .  Tether length VE, o r b i t a l  phase for  one 
par~ticular orbit of t h e  atudy shown i n  Figure 5-30. (b) The 
dorivrtivs of t h o  curve ohown i n  ( e l ,  together w i t h  the gravity 
eradlcnt foroing funotion. Theae are  neerly i n  phase and t h e i r  
produot ( the work done by the orbit  on the dumbbell) i8 nearly 
maxiaral. (01  A plot aimilar to (b) !'or a cam w i t h  zero time lag i n  
tether responss. The wo~k  is shown as well, and obviously integrates 
t o  zero over m orbit.  
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km, With 8 remi-major a x i a  of 7028.75 km ( t h e  mean of t h e  maximum and 
minimum f o r  the  o r b i t ) ,  t h i a  l i v e s  an expected Aelorbi t  of 1.66 x 
10'~. 
This  rgtrement i s  q u i t e  good, indeed r u r p r i s i n g l y  good 
o o u s i d e r i n ~  t h a t  the  p red ic ted  va lue  i s  f o r  a  maximally e f f i c i e n t  
syrtem in  which a l l  tho  work i r  done on o r  by t h e  syrtem a t  momenta of  
maximal o r  minimal t e n r i o n .  However, i n  some sense the  c r i t i c a l  
damping osures  tho dumbbell t o  behave "well": t h e  work done over an 
o r b i t  i s  more p roper ly  1 .  (Force)  d t .  P i ~ n r e  I-31(b) shows 
the  a r r v i t p  l r a d i e n t  forolu8 func t ion  ( a r b i t r a r i l y  normalized and wi th  
the  d . o .  component, vhioh i n t e g r a t e s  t o  zero,  removed) toge the r  wi th  
the  obarrved d ( 2 r ) I d t .  Those two a r e  n e a r l y  i n  phare,  s o  t h e i r  
prodoot l a  (almost)  alwaya p o s i t i v e  and t h e  i n t e g r a l ,  hence t h e  work 
doar by t h e  o r b i t ,  i a  ( n r a r l y )  optimal wi th  r e r p e c t  t o  the  t e t h e r ' s  
r r rponre  188. A r r t o - l a #  i d e a l i z e d  oase i r  rhown i n  F i a a r e  5-31(o); 
tho i n t e 8 r a l  over an o r b i t  i s  reen t o  b e  zero.  
We oan compute, t o  f i r s t  o rde r ,  thetirn~b required t o  c i r c u l a r i z e  
the o r b i t  a r  followa. Sinoe Ae lo rb i t  i s  smal l ,  we may w r i t e  11) a s  
deIdN - -97: ~ z l a ~ ,  vhr re  N i s  t h e  o r b i t  number. I f  we aarume t h a t ,  
even allow in^ f o r  the  phase 188, Az i s  p ropor t iona l  t o  the  g r a v i t y  
$ rad ioa t  f o r c i a 8  func t ion  ( a . @ . f . ) ,  then ( t o  f i r s t  o rde r )  Az 
3  [mar-minl 8.g.f .  = [max-minl(l1r = [mar-minl l / ( l+e  case) 3 
a [mar-minl(1-3ecoa0)= 0.  Hence Az = Azo (e /eo)  where Azo,e and 
0 
2 
z  a r e  the  va lues  a t  N - 0 ,  ray. Then de1dN = [-9zoAzo/(a e o ) l e  = 0 
[ ( d e l d N ) O ( l / e o ) l e ,  and e(N) = eo exp(-Nlr) where r = oOl(deldN)o i s  
a  "time" roa le  f o r  deoay. In the  low e o c e a t r i c i t y  o r r e ,  from the  
obnorved Ae lorb i t ,  r e  have s = 3.5 r 1 0 - ~ / 1 . 5  x  = 230 o r b i t s ,  o r  
about IS days ,  To o i r o o l a r i z e  an o r b i t  from, say,  5% t o  1% 
Page 155 
e o o e n t r i o i t y  would thus  t a k e  rbout  log (0.05/0.01)r = 2 5  drys ,  r  
p r r o t  i c r l  and u s e f u l  l e n l t h  of time f o r  sooh r n  opera t ioa .  
The numoriorl r imul r t ion  r e s u l t s  t h e r e f o r e  oonfirm t h e  theory,  a t  
l r r s t  i n  t h e  low e o o e n t r i o i t y  case ,  and t h e  u r e f u l n e s s  of o r b i t a l  
pompin# f o r  o r b i t  o i t o o l r r i z a t i o n  i s  demonstrated i n  r p r r c t i o a l  
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